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ABSTRACT

Following human immunodeficiency virus type 1 (HIV-1) entry into the host cell, the viral capsid gradually disassembles in a
process called uncoating. A proper rate of uncoating is important for reverse transcription of the HIV-1 genome. Host restric-
tion factors such as TRIM5� and TRIMCyp bind retroviral capsids and cause premature disassembly, leading to blocks in re-
verse transcription. Other host factors, such as cyclophilin A, stabilize the HIV-1 capsid and are required for efficient infection
in some cell types. Here, we show that a heat-labile factor greater than 100 kDa in the cytoplasm of cells from multiple vertebrate
species slows the spontaneous disassembly of HIV-1 capsid-nucleocapsid (CA-NC) complexes in vitro. We identified the PDZ
domain-containing protein 8 (PDZD8) as a critical component of the capsid-stabilizing activity in the cytoplasmic extracts.
PDZD8 has been previously reported to bind the HIV-1 Gag polyprotein and to make a positive contribution to the efficiency of
HIV-1 infection (M. S. Henning, S. G. Morham, S. P. Goff, and M. H. Naghavi, J. Virol. 84:8990 – 8995, 2010, doi:10.1128/
JVI.00843–10). PDZD8 knockdown accelerated the disassembly of HIV-1 capsids in infected cells, resulting in decreased reverse
transcription. The PDZD8 coiled-coil domain is sufficient for HIV-1 capsid binding, but other parts of the protein, including the
PDZ domain, are apparently required for stabilizing the capsid and supporting HIV-1 infection. In summary, PDZD8 interacts
with and stabilizes the HIV-1 capsid and thus represents a potentially targetable host cofactor for HIV-1 infection.

IMPORTANCE

After human immunodeficiency virus type 1 (HIV-1) gains access to the interior of the target cell, host cell factors can influence
virus infection in either a positive or negative way. HIV-1 depends upon certain host cell factors to assist processes that are re-
quired for virus replication. One example of such a host factor is PDZD8. This work shows that PDZD8 helps to stabilize the
HIV-1 capsid, a huge complex of the viral RNA, enzymes, and protein. When PDZD8 is prevented from interacting with the
HIV-1 capsid, the capsid becomes unstable and HIV-1 infection is inhibited. These results show that PDZD8 regulates the un-
coating of the HIV-1 capsid. Interfering with the interaction of PDZD8 and capsid could prove to be a useful strategy for inter-
vening in HIV-1 infection and transmission.

The human immunodeficiency virus type 1 (HIV-1) RNA ge-
nome is contained within the viral capsid, a conical protein

shell composed of �1,500 molecules of the capsid (CA) protein
(1). The CA proteins of HIV-1 and other retroviruses oligomerize
into hexamers by virtue of interactions among the N-terminal
domains, and additional interactions involving the C-terminal
and N-terminal domains promote interhexamer interactions that
allow the capsid structure to be assembled (2, 3). Following virus
entry into the host cell cytoplasm, the capsid disassembles and CA
proteins gradually disassociate from the viral genome, a process
called uncoating.

The process of retroviral uncoating is incompletely under-
stood. Careful regulation of the rate of uncoating is critical to
successful retroviral infection. Alterations in uncoating can affect
reverse transcription or the nuclear import of viral cDNA. Some
changes in CA, as well as in CA-binding small molecules, can alter
CA-CA intermolecular interactions and lead to premature viral
capsid uncoating; premature uncoating is associated with lower
levels of reverse transcription and substantially decreased infectiv-
ity (4–6).

Over the past decade, considerable evidence has emerged indi-
cating that the stability of the capsid is also dependent on compo-
nents of the target cell cytoplasm. The cellular restriction factors

TRIM5� and TRIMCyp have been shown to inhibit infection of
multiple retroviruses by binding the capsid and inducing prema-
ture uncoating (7–9). Conversely, when CPSF6, which is normally
located in the nucleus, is aberrantly localized in the cytoplasm, the
uncoating of some retroviral capsids is slowed, resulting in de-
creased infection (10, 11). Some of the inhibitory effects on HIV-1
infection associated with knockdown of TNP03, a nuclear import
factor, may be due to secondary effects on CPSF6 localization
(12–14). Other cellular proteins affecting the kinetics of retroviral
uncoating are positive cofactors of infection. Cyclophilin A, a CA-
binding prolyl isomerase, stabilizes the HIV-1 capsid and is re-
quired for efficient infection in some cell types (15, 16). As-yet-
unidentified host cell factors have been proposed to activate
HIV-1 uncoating and induce reverse transcription in vitro (17).
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The mechanisms by which these cellular factors affect capsid sta-
bility and the relative contributions of different host factors to
retroviral uncoating are under investigation.

Investigation of cellular cofactors of HIV-1 capsid stability and
uncoating has proven particularly difficult due to the inherent
instability of the viral cores in vitro, as well as the relatively small
percentage of internalized CA protein associated with infectious
cores during the early phase of retroviral infection (18). For this
reason, we developed an assay to study host cell proteins that affect
the stability of in vitro-assembled HIV-1 capsid-nucleocapsid
(CA-NC) complexes. These multimeric assemblies of purified
CA-NC protein form cylindrical tubes with a hexameric lattice
similar to that of the viral capsid (19, 20). The inclusion of the
uncleaved NC region of HIV-1 Gag permits oligonucleotide-me-
diated dimerization of the CA-NC protein, resulting in a capsid
analog that is more stable than purified viral cores. Due to their
capsid-like hexameric lattice and enhanced stability in various ex-
perimental conditions, in vitro-assembled CA-NC complexes
have been used in both structural and protein-binding studies in
place of the natural viral capsid (19, 21).

Here, we employed CA-NC complexes as the substrates in an
assay designed to identify components of host cell cytoplasmic
extracts that altered the disassembly of the capsid-like lattice. We
found that cytosolic extracts from vertebrate cells, but not bacte-
rial lysates, stabilize HIV-1 CA-NC complexes, allowing them to
sediment more efficiently through a sucrose cushion. Fraction-
ation of the cytoplasmic lysates and characterization of the bio-
chemical properties of the capsid-stabilizing activity implicated a
protein factor with a molecular mass greater than 100 kDa. Our
analysis of candidate capsid-binding proteins identified the PDZ
domain-containing 8 protein (PDZD8) as a critical component of
the capsid-stabilizing activity in the cytoplasmic extracts.

Human PDZD8 has been previously identified as an HIV-1
cofactor, although its precise role in infection is unknown (22).
PDZD8 coprecipitates with the HIV-1 Gag polyprotein, and
knockdown of the PDZD8 protein inhibits HIV-1 infection (22).
Overexpression of PDZD8 has been reported to enhance murine
leukemia virus (MLV), simian immunodeficiency virus (SIV),
and HIV-1 infection (22). The cellular function of PDZD8 is un-
certain, although PDZD8 has been identified as a moesin-inter-
acting factor as well as a potential regulator of microtubule stabil-
ity (23).

We present evidence that PDZD8 acts to stabilize HIV-1 cap-
sids. Knockdown of PDZD8 by small interfering RNA (siRNA)
diminishes the ability of cytoplasmic lysates from human cells to
stabilize HIV-1 CA-NC complexes in vitro. PDZD8 knockdown
accelerates the disassembly of HIV-1 capsids in infected cells, re-
sulting in a block to infection prior to reverse transcription. We
examined the ability of PDZD8 variants to bind the HIV-1 CA-NC
capsid complexes, identify the PDZD8 coiled coil as the capsid-
binding domain, and show that capsid binding is not sufficient for
stabilization of the CA-NC capsid complexes and enhancement of
HIV-1 infectivity. The identification of PDZD8 as a capsid-stabi-
lizing host factor represents a significant opportunity to advance
our understanding of the retrovirus uncoating process.

MATERIALS AND METHODS
Cells, plasmids, and siRNA. HeLa cells were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal bovine se-

rum (FBS), 100 IU/ml penicillin, and 100 �g/ml streptomycin. Prior to
transfection, 10,000 HeLa cells were seeded per well in a 24-well plate.

All of the studies reported herein were conducted with human
PDZD8. FLAG-tagged wild-type PDZD8 and PDZD8 mutants were
cloned in the pIRES2 DsRed2 vector (Clontech). PDZD8-expressing con-
structs were altered by QuikChange mutagenesis to include silent muta-
tions that prevent targeting by the tested siRNA constructs. Twenty-four
hours after seeding, cells were transfected with 0.2 �g plasmid DNA/well
with Effectene transfection reagent (Qiagen), as described in the manu-
facturer’s protocol.

For siRNA treatment, cells were transfected 24 h after the Effectene-
mediated plasmid transfection with siRNA 21-mers siPDZD8#1 (Am-
bion; s42265) or siPDZD8#2 (Ambion; s42267). The siRNA was trans-
fected at 20 pmol/well with RNAiMAX (Invitrogen), as described in the
manufacturer’s protocol.

Virus production and infectivity. Retrovirus infectivity assays were
carried out with single-round, vesicular stomatitis virus glycoprotein
(VSVG)-pseudotyped viruses carrying luciferase reporter genes. The
pseudotyped HIV-1, simian immunodeficiency virus (SIV), feline immu-
nodeficiency virus (FIV), Moloney murine leukemia virus (Mo-MLV),
and Rous sarcoma virus vectors expressing luciferase were produced in
293T cells by cotransfection with a VSVG expression vector, as previously
described (24–30). HIV-1 was concentrated by centrifugation and ana-
lyzed by an exogenous 32P-reverse transcriptase (RT) assay (31). For in-
fections, HeLa target cells were transfected with siRNAs and/or plasmids
and then reseeded into 96-well plates at 6,000 cells/well 24 h prior to
infection. Cells were incubated with pseudotyped viruses at various con-
centrations, as described in Results. After 4 h of virus-cell incubation, the
virus-containing medium was removed and replaced with fresh medium.
Forty-eight hours later, cells were lysed in 30 �l passive lysis buffer (Pro-
mega), and the levels of luciferase activity were assayed, as previously
described (32). All infection assays were performed in triplicate.

Measurement of HIV-1 early reverse transcription products. One
day prior to infection, 4 � 105 transfected HeLa cells were seeded into
6-well plates in triplicate. VSVG-pseudotyped HIV-1 viruses were pre-
pared as described above and were treated with 44 U/ml of Turbo DNase
I (Ambion) at 37°C for 1 h. After 4 h of virus-cell incubation, cells were
harvested and total DNA was extracted with the DNeasy kit (Qiagen).
One hundred nanograms of total DNA was used as a template for quan-
titative real-time PCR, using previously described conditions (33). Dupli-
cate measurements were performed for each of the triplicate samples.

Assay for stabilization of HIV-1 CA-NC complexes. Purification of
recombinant HIV-1 capsid-nucleocapsid (CA-NC) protein from Esche-
richia coli was carried out as previously described (19). High-molecular-
mass HIV-1 CA-NC complexes were assembled using 300 �M CA-NC
protein and 60 �M TG50 DNA oligonucleotide in a volume of 100 �l of
1� phosphate-buffered saline (PBS) and 500 mM NaCl (19). The reaction
was allowed to proceed overnight at 4°C. Immediately before use, the
assembled CA-NC complexes were spun at 10,000 � g for 1 min and
resuspended in 1� PBS.

As the source of cellular lysate to assay for CA-NC stabilization, HeLa
cells were transfected as described above. Forty-eight hours after transfec-
tion, 250,000 HeLa cells were resuspended in 200 �l 1� PBS and lysed by
a 1-min treatment by a Kontes pestle. Cellular membranes and large com-
plexes were then removed in a two-part centrifugation protocol. First, the
lysed material was spun for 1 h at 15,000 � g at 4°C. Second, the super-
natant from the first spin was loaded onto a 3-ml 55% (wt/vol) sucrose
cushion and spun in a Beckman SW55Ti rotor at 115,000 � g for 2 h at
4°C. Following this centrifugation step, the supernatant above the sucrose
layer was removed, quantitated by Coomassie (Bradford) protein assay
(Pierce), and used in the CA-NC stabilization assay.

In the CA-NC stabilization assay, 10 �l of assembled CA-NC com-
plexes was added to 250 �l of HeLa cell lysate (diluted to a protein con-
centration of 0.2 mg/ml). The CA-NC complexes and cell lysate were
gently mixed at room temperature for 4 h (unless otherwise indicated).
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This mixture was then layered onto a 3.5-ml 70% sucrose cushion and
spun at 50,000 � g for 20 min in an SW55Ti rotor at 4°C. Following
centrifugation, 250-�l fractions (unless otherwise noted in Results) were
removed from the centrifuge tube using a peristaltic pump. A final “pellet”
fraction was created by resuspending any pelleted material in 250 �l of
1� PBS.

The CA-NC content of individual fractions was assayed by enzyme-
linked immunosorbent assay (ELISA). Sucrose fractions were diluted 1:10
in BupHCarbonate-bicarbonate buffer (pH 9.4; Pierce). Fifty microliters
of diluted fractions was then added to white flat-bottom 96-well plates
(Nunc) for 1 h at room temperature. Plates were blocked with 20% FBS in
1� PBS for an additional 1 h. The plates were then treated with anti-p24
horseradish peroxidase (HRP)-conjugated antibody (AbCam) at 1 �g/ml
in 1� PBS and 0.05% Tween for 1 h at room temperature. Plates were
washed 2 times in blocking buffer and 3 times in 1� PBS and 0.05%
Tween 20. HRP levels were then detected by SuperSignal Pico chemilu-
minescent substrate (Pierce), using a 96-well plate luminometer in accor-
dance with the manufacturer’s protocol. Known concentrations of
CA-NC protein were included in the binding buffer in all plates to gener-
ate standard curves for quantitation. All fractions were quantitated in
duplicate. The results reported are representative of data obtained from at
least three independent experiments.

For some experiments, we used a CA-NC stabilization assay in which
only the pellet fraction was measured. In this protocol, 1 �l of assembled
CA-NC complexes was added to 250 �l of 0.5 mg/ml 293T cell lysate in 1�
PBS and mixed for 1 h at room temperature. This mixture was then lay-
ered onto a 3.5-ml 70% sucrose cushion and spun at 110,000 � g for 60
min in an SW55Ti rotor at 4°C. The pellet fraction was then resuspended
in 100 �l of 1� SDS running buffer and analyzed by SDS-PAGE gel elec-
trophoresis and Coomassie blue staining.

PDZD8 binding to HIV-1 CA-NC complexes. Binding of FLAG-
tagged PDZD8 variants to HIV-1 CA-NC complexes was assessed with a
protocol that uses the assembled CA-NC complexes and HeLa cell lysates
described above. In the binding assay, 10 �l of assembled HIV-1 CA-NC
complexes and HeLa cell lysates containing FLAG-tagged PDZD8 variants
were gently mixed for 1 h at room temperature. The mixture was then
layered onto a 3.5-ml 70% sucrose cushion and centrifuged at 110,000 �
g for 2 h at 4°C in an SW55Ti rotor. The pellet fraction was resuspended in
100 �l of sodium dodecyl sulfate (SDS) sample buffer. This sample was
then electrophoresed on a polyacrylamide gel, which was used for detec-
tion of CA-NC protein by Coomassie blue staining and FLAG-tagged
protein by Western blotting, as previously described (21).

The fate-of-capsid assay. Approximately 8 � 105 transfected HeLa
cells/well were plated in 6-well plates. On the following day, the cells were
incubated with VSVG-pseudotyped HIV-1 virus (5 � 105 RT counts) for
30 min at 4°C. Then, the cells were returned to a 37°C CO2 incubator until
they were harvested 16 h later. The virus suspension was removed at the
4-h time point and replaced with fresh medium. The cells were washed
three times with ice-cold PBS and detached by incubating with 1 ml of
pronase (7 mg/ml in DMEM) for 5 min at 4°C. The cells were washed once
in DMEM containing 10% FBS and twice in PBS. The washed cell pellet
was resuspended in 250 �l hypotonic lysis buffer and placed on ice for 15
min. The cells were lysed by 1 min of treatment with a Kontes pestle. Cell
debris was removed by centrifugation for 3 min at 2,000 � g. After cen-
trifugation, 2 ml of lysate was layered onto a 7-ml 50% sucrose cushion
(made in PBS) and centrifuged at 125,000 � g for 2 h at 4°C in a Beckman
SW41 rotor. After centrifugation, 100 �l from the topmost part of the
supernatant was collected and brought to a 1� concentration of SDS
sample buffer. The pellet was resuspended in 100 �l of 1� SDS sample
buffer. The samples were subjected to SDS-PAGE and Western blotting to
detect the capsid proteins.

RESULTS
Stabilization of HIV-1 CA-NC complexes by cell lysates. The
binding of cellular proteins such as TRIM5� to HIV-1 capsid

complexes has previously been studied by examining the cosedi-
mentation of the host protein with CA-NC complexes assembled
in vitro (7). During the course of these studies, we noted that a
greater percentage of input CA-NC complexes passed through the
high-density sucrose cushion following incubation with cytoplas-
mic lysates from a variety of vertebrate cells than that seen after
incubation in PBS. To explore this finding further, we tracked the
sedimentation of in vitro-assembled CA-NC complexes that were
incubated with cell lysates or PBS. The CA-NC complexes were
incubated at room temperature in PBS buffer alone or PBS buffer
containing HeLa cell lysate for either 5 min or 4 h before being
loaded onto a 3.5-ml 70% sucrose cushion. After centrifugation at
50,000 � g for 20 min, 500-�l fractions were taken, starting from
the top (the supernatant was included in fraction 1, and any pel-
leted material was resuspended in fraction 8). The CA-NC protein
was detected by Western blotting with anti-p24 antibodies (Fig.
1A). HIV-1 CA-NC complexes incubated for 5 min with the HeLa
cell lysate or in PBS sedimented through the sucrose cushion at
similar rates. In contrast, after a 4-h incubation, rapidly sediment-
ing CA-NC complexes were much more abundant after incuba-
tion in the cell lysate than in PBS. To quantify this effect, CA-NC
levels within fractions taken from the sucrose cushion were deter-
mined by ELISA (Fig. 1B). For these experiments, smaller, 250-�l
fractions of the sucrose cushion were collected, with the resus-
pended pellet kept separate (in fraction 8) from the supernatant

FIG 1 Stabilization of HIV-1 CA-NC complexes by cell lysate. Ten microliters
of the in vitro-assembled HIV-1 CA-NC complexes was gently mixed with 250
�l of HeLa cell lysate (0.2 mg/ml in 1� PBS) or 1� PBS buffer alone for 5 min
or 4 h at 20°C. The mixture was then loaded onto a 3.5-ml 65% sucrose cushion
and spun at 50,000 � g in a Beckman SW55Ti rotor for 20 min at 4°C. Follow-
ing centrifugation, 500-�l fractions were taken from the top (250 �l superna-
tant included in fraction 1). The pellet was resuspended in 250 �l of 1� PBS
and included in fraction 8. (A) Western blot of fractions with anti-p24-HRP-
conjugated antibody (Abcam); (B) the CA-NC content of each fraction was
determined by ELISA and normalized to the total CA-NC in the sample. This
experiment was conducted three times, and the results from a typical experi-
ment are shown.
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fractions. These results confirmed that a 4-h incubation with
HeLa cell lysates resulted in faster-sedimenting CA-NC complexes
than a parallel incubation in PBS (Fig. 1B).

The CA-NC-stabilizing activity was detected in cells of several
vertebrate species (human, mouse, dog, chicken) but not in E. coli
(Fig. 2A). Analysis of the cell lysate suggested that the factor re-
sponsible for the stabilization of HIV-1 CA-NC complexes is heat
labile, nuclease resistant, and �100 kDa (Fig. 2B to D). The stabi-
lizing effect was protein content dependent but was not observed
with equal protein concentrations of dialyzed bovine serum albu-
min (BSA), dialyzed FBS, or rehydrated milk in PBS (Fig. 2E). The
loss of rapidly sedimenting CA-NC complexes over time is appar-
ently irreversible; incubation of slowly sedimenting CA-NC com-
plexes with cellular lysate did not restore a high sedimentation rate

(data not shown). Together, this evidence suggests that specific
components of cytoplasmic lysates from vertebrate cells slow the
disassembly of HIV-1 CA-NC complexes in vitro. A recent publi-
cation reached a similar conclusion about the ability of human cell
lysates to stabilize HIV-1 CA-NC cores (34).

Contribution of PDZD8 to the in vitro stabilization of HIV-1
CA-NC complexes. Human PDZD8, an approximately 160-kDa
cytoplasmic protein of unknown cellular function, has been
shown to bind HIV-1 Gag proteins and to enhance viral infectivity
(22). Overexpression of PDZD8 in some cell types has been re-
ported to enhance the production of HIV-1 reverse transcription
products (22), indicating a potential role in early events in the
retroviral life cycle. We hypothesized that PDZD8 might be a ret-
roviral capsid-stabilizing factor and evaluated PDZD8 as a poten-

FIG 2 Characterization of the HIV-1 CA-NC complex-stabilizing factor in cell lysates. (A) Stabilization of CA-NC complexes by lysates from multiple cell types.
Two microliters of the in vitro-assembled HIV-1 CA-NC complexes was gently mixed with 250 �l of 1� PBS buffer alone or 250 �l cell lysate at the indicated
concentrations in 1� PBS for 1 h at 20°C. The mixture was then loaded onto a 3.5-ml 70% sucrose cushion and spun at 110,000 � g in a Beckman SW55Ti rotor
for 60 min at 4°C. Following centrifugation, the pellet was resuspended in 100 �l 1� SDS loading buffer. Pellet fractions were analyzed by SDS-PAGE and stained
with Coomassie blue. The SDS-PAGE gel regions containing CA-NC from the pellet fractions are shown. (B) Effect of preincubation at 37°C on the ability of a
293T cell lysate to stabilize HIV-1 CA-NC complexes. A 293T cell lysate at 0.5 mg/ml was incubated at 37°C for the indicated times. Following incubation, lysates
were brought back to room temperature and used in a CA-NC stabilization assay as described for panel A. (C) Effect of Benzonase treatment on the HIV-1
CA-NC complex-stabilizing activity. Prior to use in the stabilization assay, 293T lysates were incubated at 20°C or 37°C with or without 50 U/ml of Benzonase
nuclease. (D) Stabilization of HIV-1 CA-NC complexes by 293T cell lysate fractions. Following filtration of 0.5 mg/ml 293T cell lysate through filters of the
indicated molecular mass cutoffs (30 kDa, 50 kDa, 100 kDa [Millipore]; 300 kDa [Sigma-Aldrich]), the retained (R) and flowthrough (FT) fractions were used
in a CA-NC stabilization assay. These experiments were conducted three times, and the results from typical experiments are shown. (E) Comparison of CA-NC
stabilization by a 293T lysate, purified bovine serum albumin (BSA), and filtered fetal bovine serum (FBS) at the indicated concentrations. Filtered 2 mg/ml milk
solution also failed to stabilize CA-NC complexes (data not shown).
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tial contributor to the in vitro stabilization of HIV-1 CA-NC com-
plexes by cell lysates. Transfection with two different siRNAs
targeting PDZD8 decreased the capacity of HeLa cell lysates to
stabilize HIV-1 CA-NC complexes (Fig. 3A). A substantial loss
of the fastest sedimenting CA-NC complexes was evident rela-
tive to the results obtained with lysate from cells treated with a
negative-control siRNA. The loss of CA-NC-stabilizing ability
was related to the degrees of PDZD8 mRNA knockdown pro-
duced by the two siRNAs (Fig. 3B). Add-back of PDZD8 by
transfection with an siRNA-resistant plasmid expressing an N-
terminally FLAG-tagged PDZD8 restored the CA-NC-stabiliz-
ing ability (Fig. 3C and D). The results suggest that PDZD8 is
an important contributor to the in vitro HIV-1 CA-NC-stabi-
lizing activity in cell lysates.

Contribution of PDZD8 to the stabilization of HIV-1 capsids
in infected cells. We hypothesized that PDZD8 plays a role in
stabilizing the HIV-1 capsid that is introduced into the cytosol
following virus entry into the host cell. To test this hypothesis, we
utilized the previously described fate-of-capsid assay (7). Fate-of-
capsid assays have been used to demonstrate increased rates of
viral disassembly that are a consequence of viral restriction fac-
tors, small molecule inhibitors of infection, and destabilizing
changes in the HIV-1 CA-NC protein (6, 7, 15). VSVG-pseu-

dotyped HIV-1 virus was added to HeLa cells transfected with
both the PDZD8-silencing and control siRNAs, as described
above. Infected cells were lysed 16 h after infection, and particulate
HIV-1 cores were isolated by centrifugation through a 50% su-
crose cushion. Knockdown of PDZD8 by specific siRNA dramat-
ically reduced the levels of pelletable core relative to the levels seen
in cells transfected with the negative-control siRNA (Fig. 4). Add-
back of FLAG-tagged wild-type PDZD8 by transfection with an
siRNA-resistant expression plasmid restored the level of particu-
late cores that pelleted through the sucrose cushion. Notably,
whereas overexpression of the putative hyperstabilizing restric-
tion factor CPSF6 has been reported to increase the levels of par-
ticulate HIV-1 cores in this fate-of-capsid assay (12–14), expres-
sion of exogenous PDZD8 in the control siRNA-transfected cells
did not substantially increase core recovery relative to empty vec-
tor-transfected controls. A PDZD8 mutant [PDZD8(1–1028)]
that contains a C-terminal truncation that has been reported to
result in a loss of HIV-1 Gag binding (22) did not restore the
stability of the HIV-1 core in the HIV-1-infected cells in which
endogenous PDZD8 expression had been knocked down; we show
below that the PDZD8(1–1028) mutant lacks the ability to stabi-
lize HIV-1 CA-NC complexes in vitro. These results indicate that

FIG 3 PDZD8 contributes to the stabilization of HIV-1 CA-NC complexes in vitro. (A, C) HIV-1 CA-NC stabilization was assayed as described in the Fig. 1
legend, with the exception that 250-�l fractions were taken (including a supernatant fraction [SN] and a resuspended pellet fraction). HIV-1 CA-NC complexes
and HeLa lysates were mixed for 4 h at room temperature before centrifugation over a 65% sucrose cushion. The HeLa cells that served as sources for the lysates
were transfected with either the empty pIRES2 vector (A) or pIRES2 expressing FLAG-tagged, wild-type (w.t.) PDZD8 (C). The gene encoding wild-type PDZD8
was mutated to render it resistant to the siRNAs. After 24 h, cells were transfected a second time with either a negative-control noncoding siRNA or one of two
PDZD8-targeting siRNAs (siPDZD8 I or siPDZD8 II). Cells were lysed 48 h after siRNA transfection, and the cell lysates were used in the HIV-1 CA-NC
stabilization assay. Following the centrifugation of the lysate–CA-NC mixtures, the CA-NC content of individual fractions was determined by ELISA and
normalized to the total CA-NC in each sample. (B) The efficiency of PDZD8 knockdown by the siRNA transfections described for panel A was assessed by
quantitative RT-PCR. PDZD8 mRNA levels are reported as a percentage of that detected in cells transfected with the negative-control siRNA and empty pIRES2
vector. (D) The total percentage of CA-NC contained in fractions 10 to 14 plus the resuspended pellet fraction is shown for all samples. A result from a control
stabilization assay in which 1� PBS alone was used in place of the HeLa lysate is also included. These experiments were conducted three times, and the results
from a typical experiment are shown.
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wild-type PDZD8 contributes to the stability of the HIV-1 capsid
in infected cells.

Contribution of PDZD8 to retrovirus infectivity. Previous
work has demonstrated a strong correlation between increased
kinetics of HIV-1 core uncoating and decreases in viral infectivity
(4, 7). Knockdown of PDZD8 by a specific siRNA resulted in an
approximately 10-fold decrease in HIV-1 infectivity in HeLa cells
(Fig. 5A). Transient transfection of an siRNA-resistant vector ex-
pressing wild-type PDZD8 restored infectivity to a level compara-
ble to that seen in cells transfected with the negative-control
siRNA. In contrast, expression of the PDZD8(1–1028) mutant
with a C-terminal truncation did not rescue HIV-1 infectivity in
HeLa cells in which PDZD8 expression was knocked down (Fig.
5A). These results suggest that wild-type PDZD8 contributes to
HIV-1 infection, consistent with an earlier report (22).

To determine the effect of PDZD8 knockdown on HIV-1 re-
verse transcription, we performed quantitative PCR to detect lev-
els of strong-stop cDNA, an early reverse transcription product, at
4 h after infection. In PDZD8 knockdown cells, the level of HIV-1
strong-stop cDNA products was decreased (Fig. 5B). The produc-
tion of strong-stop cDNA could be rescued by wild-type PDZD8
but not PDZD8(1–1028). Of note, in the negative-control siRNA-
treated cells, the level of HIV-1 strong-stop cDNA was increased
in the cells transfected with the plasmid expressing wild-type
PDZD8 but not in cells expressing the PDZD8(1–1028) mutant.
Although HIV-1 infectivity was not significantly increased in the
cells overexpressing the wild-type PDZD8 (see above), this obser-

vation suggests that, for some aspects of early HIV-1 infection,
endogenous PDZD8 levels may be rate limiting. The results sup-
port a model in which PDZD8 interaction with the HIV-1 capsid
contributes to core stability and virus infectivity. Our findings also
add to mounting evidence that premature capsid uncoating dis-
rupts early HIV-1 reverse transcription (7, 35–37).

We tested the effect of PDZD8 knockdown and siRNA-resis-
tant add-back of exogenous PDZD8 on the infectivity of a panel of
additional VSVG-pseudotyped luciferase reporter retroviruses
(Fig. 5C). PDZD8 knockdown decreased infection of cells by the
pseudotyped SIVmac, Mo-MLV, and FIV. However, PDZD8
knockdown had no apparent effect on the infectivity of the pseu-
dotyped Rous sarcoma virus vector. Apparently, PDZD8 contrib-
utes to the infectivity of a number of mammalian retroviruses.

Functional contribution of the PDZD8 carboxyl terminus.
Although the structure of PDZD8 is unknown, putative domains
in the protein have been identified by sequence similarity to estab-
lished structures (Fig. 6A). PDZD8 was originally identified as a
potential HIV-1 Gag-binding partner by a yeast two-hybrid
screen. A fragment of PDZD8 comprised of amino acid residues
932 to 1110 bound a bait fragment of HIV-1 Gag (22). This
PDZD8 fragment contains a putative coiled-coil domain (amino
acid residues 1028 to 1060) as well as an additional region (resi-
dues 1063 to 1106) predicted to have significant helical character.
To investigate the role of specific carboxy-terminal regions of
PDZD8 in the activity of this protein, we created a series of
FLAG-tagged PDZD8 mutants with carboxy-terminal trunca-
tions [PDZD8(1–1028), PDZD8(1–1063), and PDZD8(1–1106)].
HeLa cells transiently transfected with expression vectors encod-
ing wild-type PDZD8 and these truncation mutants were used in
infection assays and as a source of lysate for in vitro CA-NC stabi-
lization assays (Fig. 6B and C). The truncated PDZD8 proteins
were expressed at levels comparable to that of wild-type PDZD8
(Fig. 6D). PDZD8 residues from the carboxy terminus to residue
1063, including the putative alpha-helical region, were dispens-
able for rescue of HIV-1 infectivity and CA-NC stabilization. Fur-
ther deletion of the putative coiled-coil motif (residues 1028 to
1060) eliminated the ability of exogenous PDZD8(1-1028) to res-
cue HIV-1 infectivity in HeLa cells in which the expression of
endogenous PDZD8 was knocked down. The PDZD8(1-1028)
mutant likewise did not stabilize HIV-1 CA-NC complexes in
vitro. These results, summarized in Fig. 6E, support the impor-
tance of the coiled coil to PDZD8 function as an HIV-1 cofactor.

Role of the PDZ and PKC1-like domains in PDZD8 function.
Sequence analysis of PDZD8 indicates the presence of two addi-
tional conserved domains, a PDZ domain and a PKC1-like zinc-
binding domain (Fig. 6A). To determine the importance of these
regions to PDZD8 function, we progressively deleted N-terminal
portions of the protein. However, we found that steady-state levels
of PDZD8 N-terminal truncation mutants (both with and with-
out N-terminal FLAG tags) were very low when transiently ex-
pressed. N-terminal fusion with green fluorescent protein (GFP)
substantially increased expression to levels comparable to that of
the full-length PDZD8 protein. Therefore, we constructed a series
of fusion proteins in which an N-terminal FLAG-tagged GFP mol-
ecule is fused with either full-length PDZD8 or N-terminally trun-
cated PDZD8. Additionally, we constructed a FLAG-tagged
PDZD8 mutant with an internal deletion of the PKC domain
(�840 to 890). Loss of the PDZD8 sequences N-terminal to the
PDZ domain did not affect PDZD8 rescue of HIV-1 infection or

FIG 4 Contribution of PDZD8 to stabilization of the HIV-1 capsid in infected
cells. HeLa cells were transfected with the negative-control (Neg) siRNA or the
PDZD8-targeting siPDZD8 I as well as the pIRES vector expressing FLAG-
tagged wild-type (w.t.) PDZD8, the C-terminally truncated PDZD8(1–1028)
mutant, or an empty vector. The genes encoding wild-type and truncated
PDZD8 were mutated to resist the siPDZD8 I siRNA. The transfected HeLa
cells were then incubated with VSVG-pseudotyped HIV-1. The fate-of-capsid
assay was used to compare the rate of capsid uncoating. At 16 h after infection,
cells were lysed in 250 �l hypotonic lysis buffer by a 1-min treatment with a
Kontes pestle. Fifty microliters of each sample was saved as an input fraction.
The remaining sample was loaded onto a 7-ml 50% sucrose cushion and spun
at 125,000 � g for 2 h to separate soluble capsid protein in the supernatant
(SN) from the particulate capsid in the pellet. The supernatant and resus-
pended pellet fractions were analyzed by SDS-PAGE and Western blotting
using antibodies against p24. This experiment was conducted three times, and
the results from a typical experiment are shown.
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in vitro stabilization of HIV-1 CA/NC complexes [see GFP-
PDZD8(366 –1154) in Fig. 7]. Further N-terminal truncation,
which removed the PDZ domain [GFP-PDZD8(450 –1154)], re-
sulted in a loss of both CA-NC-stabilizing activity and the ability
to rescue HIV-1 infection (Fig. 7). The PDZD8(�840 – 890) mu-
tant, which lacks the PKC1-like domain, rescued HIV-1 infectivity
in PDZD8 knockdown cells and CA-NC-stabilizing activity in
PDZD8-depleted HeLa cell lysates (Fig. 7). Thus, the PKC1 do-
main is not apparently required for PDZD8 function with respect
to HIV-1 infection. The PDZ domain, on the other hand, may
contribute to the function of PDZD8 as an HIV-1 cofactor.

PDZ domains are common protein-protein interaction mod-
ules with a well-defined binding motif that most commonly binds
the C-terminal peptides of target proteins (38). There are cur-
rently no known binding partners of the PDZD8 PDZ domain. To
test the hypothesis that the protein-binding function of the PDZ
domain is required for the capsid stabilization function of
PDZD8, we used site-directed mutagenesis to alter the PDZD8
residues that are putatively located on both sides of the peptide-
binding groove of the PDZ domain (39). These PDZD8 mutants
rescued HIV-1 infectivity and in vitro CA-NC stabilization follow-
ing PDZD8 knockdown with efficiencies comparable to those seen

FIG 5 PDZD8 exerts positive effects on HIV-1 reverse transcription and infection of several retroviruses. (A) Knockdown of PDZD8 reduces HIV-1 infectivity,
and infectivity is rescued by exogenous expression of siRNA-resistant PDZD8. HeLa cells were transfected with the pIRES2 vector expressing FLAG-tagged
wild-type (w.t.) PDZD8, a C-terminal truncation mutant, PDZD8(1–1028), or an empty vector. These cells were also transfected with either a PDZD8-targeting
siRNA, siPDZD8 I, or a negative-control (neg) siRNA. Forty-eight hours following siRNA transfection, cells were incubated with the indicated amount of
VSVG-pseudotyped luciferase-expressing HIV-1 virus. Forty-eight hours after infection, cells were lysed and luciferase activity was assayed. The means and
standard deviations from three independent experiments are reported. (B) Knockdown of PDZD8 inhibits HIV-1 reverse transcription. Cells transfected with
PDZD8-targeting siRNA or control siRNA and siRNA-resistant PDZD8-expressing vectors were infected by VSVG-pseudotyped HIV-1, as described for panel
A above. The cells were assayed by quantitative PCR to determine the levels of strong-stop cDNA. A heat-inactivated virus control yielded less than 5,000 DNA
copies/ml (data not shown). The means and standard deviations from three independent experiments are reported. (C) HeLa cells transfected as described for
panel A were incubated with the indicated concentrations of VSVG-pseudotyped luciferase-expressing simian immunodeficiency virus (SIVmac), feline immu-
nodeficiency virus (FIV), Moloney murine leukemia virus (Mo-MLV), and Rous sarcoma virus for 4 h. Forty-eight hours following infection, luciferase activity
was assayed. The means and standard deviations from three independent experiments are reported.
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for wild-type PDZD8 (Fig. 7). Thus, the putative peptide-binding
groove of PDZD8 can be substantially altered without affecting
either PDZD8 stabilization of HIV-1 CA-NC capsids in vitro or
rescue of HIV-1 infectivity.

PDZD8 regions involved in HIV-1 capsid binding. To inves-
tigate the contribution of PDZD8 domains to the interaction of
PDZD8 with the HIV-1 core, we evaluated the ability of PDZD8
mutants to cosediment with HIV-1 CA-NC complexes. FLAG-
tagged PDZD8 variants were expressed transiently in HeLa cells,
and cell lysates were incubated with in vitro-assembled HIV-1
CA-NC complexes for 3 h. Binding of the PDZD8 variants to the
CA-NC complexes was assessed after sedimentation through a
70% sucrose cushion and detection of the FLAG-tagged PDZD8
protein by Western blotting. Loss of the PDZ domain, which re-
sulted in undetectable CA-NC-stabilizing ability (see above), did

not affect the interaction with HIV-1 CA-NC complexes [see
GFP-PDZD8(450 –1154) in Fig. 8]. The putative coiled-coil motif
of PDZD8 was both necessary and sufficient for HIV-1 CA-NC
binding [see GFP-PDZD8(1017–1063) in Fig. 8]. These results are
consistent with a previous report that deletion of a C-terminal
fragment of PDZD8 (residues 1028 to 1154) abrogates the coim-
munoprecipitation of PDZD8 by HIV-1 Gag/Pol (22). These re-
sults also indicate that HIV-1 capsid binding by PDZD8 is neces-
sary but not sufficient for capsid stabilization and activity as an
infection cofactor.

DISCUSSION

Decreases in the stability of retroviral capsids have substantial
negative impacts on viral infectivity, typically resulting in defec-
tive reverse transcription (4, 7). The retroviral capsid is a loose

FIG 6 Role of C-terminal sequences in PDZD8 function as an HIV-1 cofactor. (A) A schematic of the predicted structural elements of the human PDZD8
protein, with the amino acid residues noted. The domains in this figure are not drawn to scale. (B) HeLa cells transfected with the PDZD8-targeting siRNA
siPDZD8 I were also transfected with pIRES vectors expressing N-terminally FLAG-tagged, wild-type (w.t.) PDZD8, PDZD8(1–1106), PDZD8(1–1063),
PDZD8(1–1028), or an empty pIRES vector. The genes encoding the wt and truncated PDZD8 proteins were mutated to resist the siPDZD8 I siRNA. Cells were
incubated with 1 � 106 cpm RT of VSVG-pseudotyped HIV-1-expressing luciferase. Luciferase activity was assessed at 48 h after infection. The means and
standard deviations from three independent experiments are reported. (C) The HIV-1 CA-NC stabilization assay was performed with lysates from cells
transfected as described for panel B. The CA-NC content of individual fractions was measured by ELISA and normalized to the total amount of CA-NC in the
sample. This experiment was conducted three times, and the results from a typical experiment are shown. (D) Western blot of the cell lysates used for panel C,
using an anti-FLAG antibody. (E) A chart comparing the fraction of total CA-NC located in fractions 10 to 14 plus the pellet in the HIV-1 CA-NC stabilization
assay shown in panel C with the luciferase activity from the assay described for panel B.
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assemblage of �1,500 CA proteins and exists within the viral
membrane in equilibrium with free CA monomers (40). Upon
removal of the viral membrane, retroviral capsids are unstable in
physiological buffers (4). These observations contrast with the
results of fate-of-capsid assays in infected cells, where particulate
retroviral capsids exhibit half-lives of 8 to 10 h (7). The existence
of capsid-stabilizing factors in the cytoplasm of vertebrate host
cells provides a solution to the contrasting behavior of retroviral
capsids in vitro and in infected cells.

Host restriction factors that accelerate the uncoating of retro-
viral capsids have been extensively studied (41). The identity and
mechanism of action of host factors that stabilize retroviral cap-
sids and act as positive cofactors for infection are less well under-
stood. Here, we describe an in vitro assay to measure the stabiliza-
tion of HIV-1 capsid-like assemblies by host cell lysates. We used
this assay to show that PDZD8, previously identified by Henning
et al. (22) as a positively acting cofactor protein that promotes
initiation of HIV-1 reverse transcription in cells, is a major capsid-
stabilizing factor in cell lysates. By implicating PDZD8 in the sta-
bilization of HIV-1 capsid-like assemblies in vitro and HIV-1 viral
capsids in infected cells, we provide a mechanism for the observa-
tions of Henning et al. (22).

A very limited number of cellular proteins have been impli-
cated in the regulation of retroviral capsid uncoating, and only
one, cyclophilin A (CypA), is known to enhance infection by sta-
bilizing the capsid (15). CypA represents an interesting reference
for a consideration of the role of PDZD8 in the retroviral life cycle.

Target cell PDZD8, like CypA, is apparently utilized by multiple
diverse retroviruses. In the case of CypA, studies of archaic retro-
viruses indicate that retroviral CypA-CA interactions likely pre-
date HIV-1 emergence by at least 12 million years, underscoring
the utility of CypA as a capsid-stabilizing cofactor in the infection
of multiple retroviruses (42). PDZD8 knockdown affected infec-
tion by several lentiviruses and a gammaretrovirus but not Rous
sarcoma virus. Thus, although CypA and PDZD8 act as positive
cofactors for diverse retroviruses, some retroviruses apparently do
not utilize these host cofactors. It is of interest to understand
whether the latter retroviruses employ other capsid-stabilizing
strategies. The comparison to CypA also invites future work to
consider the capsid stabilization effect of PDZD8 in a broad range
of species and cellular contexts. Both CypA and PDZD8 are well
conserved among vertebrate species. The effect of CypA-CA bind-
ing on HIV-1 infectivity is highly dependent on target cell type,
potentially due to differing levels of expression of CypA or CypA-
mediated modulation of the susceptibility of HIV-1 to coex-
pressed viral restriction factors (15, 43). Retroviral phenotypes
that result from modulation of PDZD8 levels may be similarly
context dependent. In CHME3 brain microglia and 293A kidney
epithelial cells, overexpression of PDZD8 by transfection has been
reported to increase HIV-1 infectivity and early reverse transcript
production by approximately 10-fold (22). In HeLa cells, we ob-
served only a small enhancement (�2-fold) of HIV-1 infectivity
from a similar transfection. This difference is potentially related to
differences in endogenous expression of PDZD8 among cell lines.

FIG 7 Role of the PDZ and PKC1 domains in PDZD8 function as an HIV-1 cofactor. (A) HeLa cells were transfected with the PDZD8-targeting siRNA siPDZD8
I and either the empty pIRES vector or pIRES vectors expressing N-terminally FLAG-tagged, GFP-fused wild-type (w.t.) PDZD8, PDZD8(366 –1154), and
PDZD8(450 –1154) or FLAG-tagged PDZD8(�840 – 890) with the PKC1-like domain deleted and full-length PDZD8 with alanine substitutions in the PDZ
peptide-binding motif (V430A, L431A, I434A, K435A; V377A, L379A, L381A). The genes encoding the wild-type and variant PDZD8 proteins were mutated to
resist the siPDZD8 I siRNA. Cells were incubated with 1 � 106 cpm RT of VSVG-pseudotyped HIV-1 expressing luciferase, and luciferase activity was assessed
at 48 h following infection. (B) The HIV-1 CA-NC stabilization assay was performed with lysates from HeLa cells transfected as described for panel A. The CA-NC
content of individual fractions was measured by ELISA and normalized to the total amount of CA-NC in the sample. The percentage of total CA-NC from each
sample contained in fractions 10 to 14 plus the resuspended pellet fraction is reported. For comparison, the mean luciferase activities observed in the experiments
described for panel A are listed as well. (C) Western blot of the cell lysates used for panel B with an anti-FLAG antibody. These experiments were conducted three
times, and the results from a typical experiment are shown.
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Quantitation of PDZD8 protein levels is difficult due to the cur-
rent unavailability of suitable antibodies for detection of endoge-
nous PDZD8 protein. Alternatively, these discrepancies in infec-
tivity phenotypes may reflect differences in other critical elements
dictating capsid stability and reverse transcription.

We observed an excellent correlation between the PDZD8 mu-
tant phenotypes in the in vitro HIV-1 CA-NC stabilization assay
and the HIV-1 infectivity assay (Pearson’s correlation coeffi-
cient 	 0.90, P � 0.001). Deletion of the PDZD8 coiled-coil motif
abrogated the stabilizing effect of PDZD8 on CA-NC assemblies in
vitro and resulted in loss of the ability to support HIV-1 infection.
Consistent with Henning et al.’s finding that the C-terminal re-
gion of PDZD8 is required for binding of the HIV-1 Gag protein
(22), the coiled-coil domain appears to be necessary and sufficient
for the interaction of PDZD8 with HIV-1 CA-NC complexes. The
coiled-coil domain potentially plays a role in the multimerization
of PDZD8, although this has yet to be demonstrated. Of note,
multimerization of the capsid-destabilizing factor TRIM5� en-
hances binding to the viral capsid (44, 45). One model of restric-
tion proposes that TRIM5� binding to the capsids of multiple
unrelated retroviruses is achieved by recognition of conserved
hexameric patterns on the assembled capsid surface by TRIM5�
multimers (46). Future studies should address the natural oligo-

meric state of PDZD8 and its contribution to recognition of the
retroviral capsid.

N-terminal deletion of the first 365 residues of PDZD8 exerted
little impact on its function in stabilization of the HIV-1 capsid.
However, a further N-terminal deletion that removed the PDZ
domain resulted in an inactive PDZD8 protein, even though this
mutant still bound the HIV-1 CA-NC complexes. Surprisingly,
the peptide-binding motif of PDZD8, a common target for patho-
genic viruses in other PDZ-containing proteins (47), does not
appear to be required for capsid interaction, stabilization, or en-
hancement of infection. Additional studies will be required to
determine the role of the PDZ domain in the function of PDZD8
as an HIV-1 cofactor.

The C-terminal region of PDZD8, which includes the coiled-
coil motif, has also been implicated in the interaction of PDZD8
with the cytoskeletal regulation protein moesin (23). Moesin
overexpression has pleiotropic effects on HIV-1 infection, includ-
ing a negative postentry, prereverse transcription effect coincident
with the timing of capsid uncoating (48–50). One explanation for
moesin restriction of HIV-1 infection is that infectivity is dimin-
ished due to inhibition of PDZD8-capsid interaction as a result of
the overexpressed moesin competing for access to PDZD8’s C-ter-
minal region.

Finally, the PKC1-like domain of PDZD8 appears to be com-
pletely dispensable for HIV-1 CA-NC-stabilizing activity and for
the ability to act as a cofactor for HIV-1 infection.

Following retrovirus entry into the host cell, the uncoating of
the viral capsid may be determined by the binding of stabilizing
host factors, including PDZD8 and CypA, in competition with the
binding of cellular restriction factors like TRIM5� and TRIMCyp.
Additional inquiry into this critical stage of the viral life cycle may
suggest interventional approaches, such as interruption of the
PDZD8-capsid interaction, that could tip the balance toward host
cell resistance.
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