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ABSTRACT

In this study, we examined the requirement for host dynein adapter proteins such as dynein light chain 1 (DYNLL1), dynein light
chain Tctex-type 1 (DYNLT1), and p150"“*? in early steps of human immunodeficiency virus type 1 (HIV-1) replication. We
found that the knockdown (KD) of DYNLLI, but not DYNLT1 or p150%*4, resulted in significantly lower levels of HIV-1 re-
verse transcription in cells. Following an attempt to determine how DYNLLI1 could impact HIV-1 reverse transcription, we de-
tected the DYNLL]1 interaction with HIV-1 integrase (IN) but not with capsid (CA), matrix (MA), or reverse transcriptase (RT)
protein. Furthermore, by mutational analysis of putative DYNLLI interaction motifs in IN, we identified the motifs *>GQVD and
**VIQD in IN as essential for DYNLLI interaction. The DYNLLI interaction-defective IN mutant HIV-1 (HIV-1INs34/02524)
exhibited impaired reverse transcription. Through further investigations, we have also detected relatively smaller amounts of
particulate CA in DYNLL1-KD cells or in infections with HIV-1IN 453 4,G2524 mutant virus. Overall, our study demonstrates the
novel interaction between HIV-1 IN and cellular DYNLLI1 proteins and suggests the requirement of this virus-cell interaction for
proper uncoating and efficient reverse transcription of HIV-1.

IMPORTANCE

Host cellular DYNLL1, DYNLT1, and p150¢™®*? proteins have been implicated in the replication of several viruses. However,
their roles in HIV-1 replication have not been investigated. For the first time, we demonstrated that during viral infection, HIV-1
IN interacts with DYNLLI, and their interaction was found to have a role in proper uncoating and efficient reverse transcription
of HIV-1. Thus, interaction of IN and DYNLL1 may be a potential target for future anti-HIV therapy. Moreover, while our study

has evaluated the involvement of IN in HIV-1 uncoating and reverse transcription, it also predicts a possible mechanism by

which IN contributes to these early viral replication steps.

he steps of early stage human immunodeficiency virus type 1

(HIV-1) replication include virus entry, uncoating, reverse
transcription, intracytoplasmic retrograde transportation (i.e.,
the migration of HIV from the cytoplasmic periphery to the peri-
nuclear space), nuclear import, and genomic integration (re-
viewed in reference 1). Following HIV-1 entry into the cell, viral
genomic RNA and associated proteins are released into the cyto-
plasm as a ribonucleoprotein complex referred as the reverse tran-
scription complex (RTC). Within the RTC, HIV-1 genomic RNA
is reverse transcribed into a cDNA, which then forms a high-
molecular-weight preintegration complex (PIC). HIV-1 cDNA
enters the nucleus as a part of PIC by active nuclear import and
subsequently integrates into the host cell genome (reviewed in
reference 2).

HIV-1 utilizes various cellular proteins for replication mostly
by interacting with its viral proteins. Genome-wide small interfer-
ing RNA (siRNA)/short hairpin RNA (shRNA) screening as well
as other functional studies have uncovered a large number of host
proteins with putative roles in HIV-1 replication (reviewed in ref-
erences 3, 4, and 5). Additionally, functional studies from our
laboratory, as well as from other groups, have uncovered key viral
and cellular protein interactions that promote successful HIV-1
nuclear import and integration (reviewed in references 2 and 6).
However, molecular events associated with HIV-1 reverse tran-
scription, uncoating, or retrograde transport in the cytoplasm are
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not well understood. To date, evidence suggests that gem-associ-
ated protein 2 (Gemin2) interacts with HIV-1 integrase (IN) in
target cells and contributes to reverse transcription by an un-
known mechanism(s) (7, 8). Similarly, accumulated evidence sug-
gests that cyclophilin A (CypA) and peptidyl-prolyl cis-trans
isomerase NIMA-interacting 1 (prolyl isomerase Pinl) proteins
interact with HIV-1 capsid (CA) protein in target cells and facili-
tate the proper uncoating of HIV-1 (9, 10). In addition, some
other cellular factors with putative roles in HIV-1 reverse tran-
scription and uncoating have been described in recent studies
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(11-14). Although the exact mechanism(s) by which these cellular
factors contribute to HIV-1 reverse transcription and/or uncoat-
ing is not very clear, the accumulated evidence so far clearly sug-
gests a key role for cellular cofactors in HIV-1 uncoating and re-
verse transcription.

Dynein adapter proteins such as dynein light chain 1 (DYNLLI,
LC8, DLC1), dynein light chain Tctex-type 1 (DYNLT1), and
p150°™<? have been implicated in cargo recruitment to the dynein
complex during retrograde transport (15-18). The dynein complex is
amicrotubule (MT)-associated protein complex that mediates retro-
grade transport of macromolecules in the cytoplasm (19). Interest-
ingly, recent studies have indicated that the functional dynein com-
plex or intact MT network is essential for efficient HIV-1 uncoating
(20, 21), retrograde transport (20, 22), and restriction by rhesus tri-
partite motif protein 5 isoform alpha (TRIM5a) (23). It is also im-
portant to note that the dynein adapter proteins are involved in var-
ious cellular functions outside the dynein complex (reviewed in
references 24 and 25). In the past, studies have implicated the
DYNLLI and DYNLT1 proteins in different aspects of viruses repli-
cation (reviewed in reference 24). For example, DYNLLI interacts
with specific rabies virus phosphoprotein and contributes to the viral
gene expression (26-28). Also, DYNLLI interacts with the CA pro-
tein of bovine immunodeficiency virus (BIV) and contributes to ret-
rograde transport of BIV (18). DYNLT1 interacts with the CA protein
of human papillomavirus type 16 (HPV-16) and contributes to
HPV-16 replication at an unknown replication step(s) (29). Unlike
the case for DYNLL] and DYNLTI, potential involvement of
p150%"<d in the replication of viruses is currently not very clear. Nev-
ertheless, the dynactin structure of the dynein complex, with which
the p150“1*“ is associated (30), has been implicated in the replication
and/or retrograde transport of viruses (15, 31, 32). To date, potential
contributions of the dynein adapter proteins in early steps of HIV-1
replication or interactions between HIV-1 and the dynein adapter
proteins have not been investigated.

In this study, we investigated the role of dynein adapter pro-
teins in different early steps of HIV-1 replication and DYNLL1
interaction with HIV-1 IN. We detected significantly lower levels
of total HIV-1 DNA synthesis in DYNLL1 knockdown (KD) cells
but not in p150™*d- or DYNLT1-KD cells. Our data also showed
that DYNLLI was specifically coprecipitated with the HIV-1 IN
protein in an in vitro interaction assay and a cell-based coimmu-
noprecipitation (Co-IP) assay performed using 293T cells or HIV-
l-infected C8166 CD4" T cells. By mutational analysis, the
52GQVD and *°VIQD motifs in IN were shown to be essential for
DYNLLI interaction. DYNLLI interaction-defective IN mutant
HIV-1 (HIV-1INgs34/02524) demonstrated impaired HIV-1 rep-
lication and reverse transcription activity. Further investigations
demonstrated relatively lower levels of particulate CA (i.e., CA
associated with RTC/PIC) in DYNLL1-KD cells as well as in infec-
tions involving the HIV-1INs34,025,4 mutant virus. From these
data, we suggest that HIV-1 utilizes the cellular protein DYNLL1
for efficient reverse transcription and proper uncoating of HIV-1
through the interaction with its IN protein.

MATERIALS AND METHODS

Antibodies and chemicals. The antibodies (Abs) used for Western blot
(WB), immunoprecipitation, and fluorescence-activated cell sorter
(FACS) analyses were as follows: a rabbit anti-green fluorescent protein
(anti-GFP) polyclonal antibody (Ab) (Molecular Probes), a mouse an-
ti-T7 monoclonal Ab (Novagen), a rabbit anti-DYNLL1 monoclonal Ab
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(Abcam), a mouse anti-dynein intermediate chain 1 (DIC1) Ab (Abcam),
an anti-B-tubulin Ab (Sigma), a horseradish peroxidase (HRP)-conju-
gated anti-GFP Ab (Miltenyi Biotec), an HRP-conjugated donkey anti-
rabbit IgG (Amersham Biosciences), a sheep anti-mouse IgG (Amersham
Biosciences), and a goat anti-glutathione S-transferase (anti-GST) poly-
clonal Ab (Amersham Biosciences). The mouse anti-HIV-1 1324G‘"‘g Ab
was described previously (33). A rabbit anti-IN Ab (catalog no. 757) was
obtained from the NIH AIDS Reagent Program. Anti-CD4-allophycocya-
nin (APC) Ab was purchased from eBioscience, USA. The chemicals and
reagents used in this study are as follows. Purified recombinant GST-IN
and GST-MA proteins were produced in Escherichia coli using the
pGEX4T3-GST-IN and pGEX4T3-GST-matrix (MA) expression vectors,
respectively, as previously described (34). The purified recombinant
DYNLLI1 protein was purchased from ProSpec-Tany TechnoGene Ltd.,
Israel. The ECL WB detection kit was purchased from Perkin-Elmer Life
Science (Boston, MA, USA). Puromycin and NP-40 Alternative were ob-
tained from Calbiochem. Phorbol 12-myristate 13-acetate (PMA) was
purchased from EMD Millipore, Canada. Pronase was purchased from
Sigma-Aldrich, USA. Phytohemagglutinin (PHA) was purchased from
Sigma-Aldrich, USA, and human recombinant interleukin-2 (hIL-2) was
purchased from Roche, Germany.

Construction of expression plasmids and HIV-1 proviruses. The
construction of GFP-IN and MA-yellow fluorescent protein (YFP) mamma-
lian expression vectors has been described previously (34). A GFP-CA mam-
malian expression vector was constructed by cloning cDNA for the CA gene
into a cytomegalovirus (CMV)-AcGFPc plasmid (Clontech) at BamHI and
Xbal restriction enzyme sites, in frame with the GFP. The cDNA for the CA
gene was PCR amplified using HIV-1Bru as a template. The primers 5'-GCC
AGGTCGGATCCCCTATAGTGCAG-3’ (forward) and 5'-TTGTTACGCG
GCCGCTCTAGATTACAAAACTCTTGC-3' (reverse) were used for the CA
gene amplification. A GFP-IN (Moloney murine leukemia virus [MMLV])
mammalian expression vector was constructed by cloning cDNA for the
MMLYV IN gene into the CMV-AcGFPc plasmid at BamHI and Xbal restric-
tion sites, in frame with the GFP. The cDNA for the MMLV IN gene was PCR
amplified from pVPack-GP (MMLV gag-pol expression vector) (Stratagene).
The primers 5'-CTCGGATCCGAGAATTCATCACCCTA-3' (forward) and
5'-GCAGCTAGCTTAGGGAGCTTCGCGGGTTAACCT-3' (reverse) were
used for MMLV IN gene amplification. A GFP-reverse transcriptase (RT)
fusion protein expression vector was generated by cloning the cDNA for the
RT gene into the CMV-AcGFPc plasmid (Clontech) at the BamHI restriction
enzyme site, in frame with the GFP. The coding region for the RT gene was
obtained by digestinga CMV-T7-RT expression vector with BamHI and BgIII
restriction enzymes. The CMV-T7-RT expression vector has been described
earlier (35). A ProLabel (PL)-DYNLLI expression vector was constructed by
subcloning the DYNLL1 gene into a CMV-PL-Ku70 expression vector at
BamHI and Notl restriction enzyme sites, by replacing the Ku70 gene. The
coding region for the DYNLLI gene was obtained by digesting a
pCDNA3-T7-DYNLLI expression vector with BamHI and NotI restric-
tion enzymes. The pCDNA3-T7-DYNLL1 was obtained from Addgene,
USA. CMV-PL-Ku70 was constructed by cloning cDNA for the Ku70 gene
into a CMV-PL plasmid (Clontech) at BamHI and Notl restriction en-
zyme sites, in frame with the PL tag. The construction of wild-type CMV-
GFP-IN (CMV-GFP-INy,,) and deletion mutants (amino acids [aa] 1 to
212, 50 to 288, 117 to 288, and 1 to 230) has been previously described
(36). A CMV GFP-IN(180-230) deletion mutant expression vector was
constructed by cloning the coding cDNA for the IN 4, _,5, amino acids
into the CMV-AcGFPc at the HindIIl and BamHI restriction enzyme
sites, in frame with the GFP. CMV-PL-INy,, has been previously described
(37). To construct GFP-INs35, GFP-ING,554, GFP-ING094, GFP-
INGs3a/Q2524> a0 GFP-IN 564 /r 1874 €XPression vectors, IN cDNAs with
the desired mutations were generated by a two-step PCR method (38) by
using the forward primer 5'-GCGCTCGAGAAGCTTGGCTTTTTAGATG
GAATAG-3’ containing a HindIII restriction enzyme site, the reverse primer
5'-CTAAACGGATCCATGTTCTAA-3' containing a BamHI restriction en-
zyme site, and complementary primers with the intended mutations. Subse-
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quently, cDNAs were cloned into CMV-AcGFPc at HindIII and BamHI re-
striction enzyme sites. The INy;464/r1574 Mutant was found to be defective
for multimerization (39). A SYCMVin-Vpr-RT-IN 53 /2524 Mutant fusion
protein expression vector was generated by introducing specific mutations
into the SVCMVin-Vpr-RT-IN using a two-step PCR method, as previously
described (40). For the construction of SYCMVin-Vpr-RT-IN mutants, a
forward primer targeting the RT gene at a natural Nhel restriction enzyme site
(5'-GCAGCTAGCAGGGAGACTAA-3"), the reverse primer with a Pstl re-
striction enzyme site targeting the 3" end of IN (5'-CTGTTCCTGCAGCTA
ATCCTCATCCTG-3'), and complementary primers with the intended mu-
tations were used. The construction of SYCMVin-Vpr-RT-(stop)IN has been
previously described (41). pPGEX4T3-GST-IN and pGEX4T3-GST-MA were
constructed by cloning the cDNAs for the IN and MA genes, respectively, into
a pGEX Vector using the EcoRI and Notl restriction enzyme sites. The
PGEX4T3 plasmid was obtained from AMRAD Corporation Ltd. pLET-Lai,
an X4 trophic HIV-1 envelope expression vector, was a gift from Vicente
Planelles at the University of Utah. HIV-1pNL4.3/R™/E~/Luc" and HIV-
1pNL4.3/R™/E~/GFP™ provirus DNAs (36), HxBruR /ARI/E™ (42), and
HIV-1HxBru-IN-HA (34) were previously described.

Cell culture, transfection, gene knockdown, cell proliferation assay,
and FACS assay. Human 293T cells and MMLV-packaging Phoenix cells
were maintained in complete Dulbecco modified Eagle medium (DMEM)
(i.e., supplemented with 1% penicillin-streptomycin and 10% fetal calf
serum). ACH-2 and CD4 ™ C8166T lymphocyte cell lines were maintained
in complete RPMI 1640 medium. Peripheral blood mononuclear cells
(PBMC:s) were isolated from the blood of healthy adult human volunteers
through sedimentation on a Ficoll (Lymphoprep; Axis-Shield) gradient.
Primary human CD4" T lymphocytes were purified from PBMCs using
the EasySep human CD4 " T cell enrichment kit (Stemcell technologies)
according to the manufacturer’s instructions. CD4 " T cells were stimu-
lated with PHA (3 pg/ml) and hIL-2 (10 IU/ml) for 4 days. DNA trans-
fection experiments were performed in 293T cells using a standard cal-
cium phosphate DNA precipitation method. For DYNLL1-, DYNLT1-, or
p150°1¢d_KD, different shRNAs for each gene were tested, and the one
best shRNA for each gene was selected. For DYNLLI, three different
clones of pLKO.1 lentiviral vector for DYNLLI shRNA (i.e., clones 1, 2,
and 3) were obtained from Open Biosystems (belonging to GE Dharma-
con, USA). The sense oligonucleotide sequences of the shRNA in clone 1,
2, and 3 are AGAAGGACATTGCGGCTCATA, GCGCTGGAGAAATAC
AACATA, and ACATGAAACCAAACACTTCAT, respectively. Vesicular
stomatitis virus glycoprotein G (VSV-G) envelope-pseudotyped lentiviral
particles (LVPs) harboring different shRNAs were produced in 293T cells,
as described earlier (36). A pLKO.1 vector plasmid having no shRNA,
which was a gift from Sam Kung at the University of Manitoba, was used
to produce control vector particles. The control or different LVPs for
DYNLLI1 (400 ng of p24528/2 X 10° cells) were transduced into C8166T
cells. After 48 h postransduction, the cells were selected using 0.5 pg/ml of
puromycin. On the third day of LVP transduction, the KD of DYNLLI
was determined by detecting DYNLLI1 protein expression by WB using an
anti-DYNLLI1 antibody. For DYNLL1-KD in ACH-2 cells, ACH-2 cells
were transduced with control or DYNLL1 (clone 2) LVPs, and
DYNLLI1-KD analysis was carried out as described above. The LVPs ex-
pressing different sShARNAs for DYNLT1- or p150°""*d-KD were similarly
produced. On day 3 of LVP transduction, the KD of DYNLT1 or p150<!ued
was determined by detecting protein expression via WB using the corre-
sponding Abs. The sense oligonucleotide sequences of the best sShRNAs
used in this study for DYNLT1 and p150°"*? were 5'-CCACAAATGTA
GTAGAACAAA-3" and 5'-GCTGGAGACATTGAATCAATT-3', respec-
tively. A WST-1 cell proliferation assay kit (Roche, Germany) was used to
measure the proliferation of C8166T cells transduced with different LVPs.
Briefly, control or DYNLL1 LVP-transduced C8166T cells were cultured
at a density of 2 X 10* cells/well in a 96-well format and maintained at
37°C. On different days, WST-1 cell proliferation reagent was added to the
cultures at 10 pl/well. Subsequently, the cultures were incubated at 37°C
for 4 h, and the absorbance was measured at 450 nm using a microplate
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reader. To examine the expression of the CD4 receptor on the surfaces of
C8166T cells transduced with different LVPs, the cells were stained with
anti-CD4-APC or the respective isotype control Ab in FACS buffer
(0.5% bovine serum albumin [BSA] in phosphate-buffered saline [PBS])
(eBioscience, USA) on ice for 20 min. Subsequently, the cells were washed
in FACS buffer and analyzed by flow cytometry. Sample data were col-
lected using a BD LSR II flow cytometer (BD Biosciences, USA), and the
data were analyzed using FCS Express software (De Novo Software, USA).

Cell-based Co-IP and in vitro protein interaction assay. To detect
the interaction of HIV-1 IN, MA, CA, or RT with DYNLL1, 293T cells
were transfected with the GFP-IN, MA-YFP, GFP-CA, or GFP-RT expres-
sion vector. At 48 h posttransfection, 9/10 of the cells were lysed in 0.12%
NP-40 lysis buffer (RPMI medium containing 0.12% NP-40 Alternative
and protease inhibitor cocktail [Roche]) on ice for 30 min. The lysates
were subjected to immunoprecipitation using an anti-GFP Ab. The im-
munoprecipitates were resolved by 12% SDS-PAGE, and coprecipitation
of endogenous DYNLL1 was analyzed by WB using an anti-DYNLL1 Ab.
The immunoprecipitation of GFP-IN, MA-YFP, GFP-CA, or GFP-RT
was analyzed by WB using an HRP-conjugated anti-GFP Ab. Endogenous
DYNLLI1 expression in 293T cells was detected by WB using an anti-
DYNLLI1 Ab. To detect the interaction of INy, or various IN deletion or
substitution mutants with PL-DYNLL1, GFP, GFP-INy,, or GFP-IN},,
(deletion or substitution mutants), the expression vector was cotrans-
fected with the PL-DYNLLI1 vector into 293T cells. At 48 h posttransfec-
tion, the cells were lysed, and the lysates were subjected to chemilumines-
cent coimmunoprecipitation (Co-IP) using an anti-GFP Ab. The
coprecipitation of PL-DYNLL1 with GFPyy,,,, in the immunoprecipitates
was detected by measuring PL activity using the ProLabel detection kit IT
(Clontech, USA) as described in the manufacturer’s instructions. Simi-
larly, DIC1 interaction with GFP-INy,\, or GFP-CA was analyzed
through a Co-IP using an anti-GFP Ab followed by detection of DIC1 by
WB using an anti-DIC1 Ab. The interaction of IN with endogenous
DYNLL1 from HIV-1-infected C8166T cells was detected by Co-IP.
Briefly, 15 X 10° C8166T cells were infected with equal amounts of the
HxBru or HxBru-IN-HA virus (50 ng of HIV-1 p245%). After 72 h of
infection, the cells were lysed in 0.12% NP-40 lysis buffer for 30 min on
ice. The lysates were immunoprecipitated using an anti-HA Ab. The im-
munoprecipitates were resolved by 12% SDS-PAGE, and DYNLL1 and
IN-HA were detected by WB using anti-DYNLLI and anti-HA Abs, re-
spectively. The p24“€ in the total cell lysates was detected by WB using an
anti-p249% Ab. To determine the in vitro interaction of DYNLLI with
GST-IN or GST-MA, 0.2 p.g of reccombinant DYNLL1 was incubated with
an equal amount of recombinant GST, GST-IN, or GST-MA protein. The
mixtures were incubated with GST beads at 4°C for 4 h, and the eluates
were resolved by 12% SDS-PAGE. The coprecipitation of DYNLL1 was
examined by WB using an anti-DYNLLI Ab. The presence of GST, GST-
IN, or GST-MA in immunoprecipitates was detected by WB using an
anti-GST Ab. The DYNLLI in supernatants was detected by WB using an
anti-DYNLL1 Ab.

Virus production and infection. A single-cycle replicating luciferase
(Luc) reporter HIV-1pNL4.3/R™/Luc” (HIV-Luc) was produced in 293T
cells by cotransfecting HIV-1pNL4.3/R™/E/Luc* and pLET-Lai, as
described earlier (36). Single-cycle-replicating HIV-1,,, or HIV-
1IN 534/Q2524 Mutant virus was produced in 293T cells by cotransfecting
HxBruR™/ARI/E™ with the CMV-Vpr-RT-INy, or -INgssa/02524 €X-
pression vector, respectively, as previously described (40). Similarly, sin-
gle-cycle-replicating HIV-1AIN virus was produced in 293T cells by
cotransfecting HxBruR™/ARI/E* with CMV-Vpr-RT-(stop)IN. The
above-mentioned viruses consist of autologous HIV-1 envelope. The
p2458 titers for viruses were determined by using an HIV-1p24%% en-
zyme-linked immunosorbent assay (ELISA). Control or DYNLL1-KD
C8166T cells (0.5 X 10°) were infected with different doses of HIV-Luc
(i.e., 30, 10, and 3.3 ng of p24c'ag). At 24 h postinfection (p.i.), the Luc
activity was measured as previously described (34). C8166T cells (0.5 X
10°) were infected with equal amounts of HIV-1yy,, HIV-1INs34 02524
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or HIV-1AIN (at 10 ng of virus-associated p24?¢). At 72 h p.i., the p2428
content in the supernatants was determined using an HIV-1p24928
ELISA. The production and infection of Luc reporter MMLV vector par-
ticles (MMLV-Luc) were done as previously described (36).

Virus composition analysis. HIV-1,,, or various HIV-1IN deletion/
substitution mutant virus stocks were treated with subtilisin, as previously
described (43). Subsequently, virus stocks were purified on a 20% sucrose
cushion for 1.5 h at 125,000 X g and 4°C. Equal amounts of sucrose-
purified virus stocks were subsequently lysed in 4X Laemmli buffer, and
the lysates were resolved by 10% SDS-PAGE. Virus-incorporated RT, IN,
and p24°° proteins were detected by WB using the corresponding Abs.

HIV-1 entry analysis. The cellular entry of HIV-1 was analyzed using
a previously published cell fractionation protocol with minor modifica-
tions (44—46). Briefly, 3 X 10° control or DYNLL1-KD C8166T cells were
infected with HIV-Luc (at 50 ng of p24°¢) on ice for 20 min to allow virus
attachment, followed by transfer to a 37°C cell culture chamber for 2 h.
Control cells (3 X 10°) were infected with HIV-Luc (at 50 ng of p249€) on
ice for 20 min and similarly processed as a negative control. Following
harvest, the cells were treated for 3 min with pronase (1 mg/ml) to remove
viruses adsorbed at the cell surface. The cells were washed three times
using RPMI supplemented with 10% fetal calf serum to remove pronase.
Subsequently, the cells were incubated with ice-cold digitonin buffer (10
mM Tris [pH 7.5], 10 mM NaCl, 0.15 mM spermine, 0.5 mM spermidine,
1 mM EDTA, and 100 p.g/ml digitonin) for 10 min at 4°C to selectively
permeabilize the plasma membrane. The cytoplasmic fraction was sepa-
rated by centrifugation at 3,000 rpm for 4 min at 4°C. The virus entry was
examined by quantifying HIV-1 genomic RNA from the cytoplasmic frac-
tions using reverse transcription-quantitative PCR (qPCR) for total
HIV-1 DNA analysis.

Real-time qPCR analysis. The qPCR analysis was performed as de-
scribed previously (36). Briefly, 1.5 X 10° control and DYNLL1-KD cells
were infected with HIV-Luc (at 10 ng of virus-associated p24528), which
was treated with 340 TU/ml of DNase (Roche) for 1 h at 37°C to remove
residual plasmid DNA. At 12 and 24 h p.i., total HIV-1 DNA and 2-long-
terminal-repeat (2-LTR) circle DNA were quantified from the total cellu-
lar DNA samples by using the Mx3000P real-time PCR system (Strat-
agene, USA). The primer and probe sets used for total HIV-1 and 2-LTR
circle DNA quantification were previously described (40). Total HIV-1
DNA and 2-LTR circle DNA were expressed as copy numbers per cell, and
the DNA templates were normalized using B-globin gene amplification
(40). To examine the IN-dependent loss of reverse transcription in
DYNLL1-KD cells, 1.5 X 10° control and DYNLL1-KD C8166T cells were
infected with the DNase-treated HIV-1,y, or AIN viruses (at 50 ng of
virus-associated p24°?8), and the total HIV-1 DNA synthesis was quanti-
fied at 12 h p.i. by using qPCR, as described above. To examine the cDNA
synthesis of the DYNLLI interaction-defective IN mutant HIV-1, 1.5 X
10 control and DYNLL1-KD C8166T cells were infected with the DNase
treated HIV-1,y,, HIV-1IN53 /2524, OF HIV-1AIN virus (at 50 ng of vi-
rus-associated p24°8). At 12 h p.i., the total HIV-1 DNA was quantified
using qPCR, as described above. A heat-inactivated virus (INA) (70°C for
30 min) was treated with DNase and included in parallel as a control for
monitoring the carryover plasmid DNA contamination during qPCR
analyses.

Fate-of-capsid assay. The fate-of-capsid assay was performed as pre-
viously described (47). Briefly, control or DYNLL1-KD C8166T cells were
infected with HIV-1,,, or C8166T cells were infected with equal amounts
of the HIV-1y, HIV-1INgs534/02524> OF HIV-1AIN virus. Cells were in-
cubated at 4°C for 20 min to allow virus attachment and transferred to a
37°C cell culture chamber. At 4 h of incubation, the cells were treated for
3 min with pronase (1 mg/ml) and washed three times using RPMI sup-
plemented with 10% fetal calf serum. A negative control was obtained by
incubating a panel of cells with HIV-1,, on ice for 20 min and harvesting
after treatment with pronase followed by three washes with complete
RPMI medium. One-tenth of cells were lysed in 0.5% NP-40 lysis buffer,
and HIV-1 p24“*§in total cell Iysates was evaluated by ELISA to determine
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the virus entry. The cells were cultured at 37°C until the time of harvest. At
4, 8, and 12 h p.i., the cells were harvested and subjected to the fate-of-
capsid assay. Briefly, the cells were incubated with hypotonic buffer (10
mM Tris-HCI [pH 8.0], 10 mM KCl, and 1 mM EDTA) for 15 min on ice.
The cell pellets were then mixed with glass beads and vortexed for three
times for 10 s each to lyse the cells. The cell lysis was confirmed through
staining of cell lysates with trypan blue dye and observing under a micro-
scope. The lysates were clarified by centrifugation for 3 min at 2,000 X g.
Supernatants were overlaid onto 7 ml of a 50% sucrose cushion prepared
in 1X PBS and centrifuged for 2 h at 125,000 X gat 4°C using a Beckman
SW41 rotor. After centrifugation, pellet fractions were collected in 100 pl
of hypotonic lysis buffer. The concentration of HIV-1 p24%° (i.e., partic-
ulate CA) in pellet fractions was determined by using an HIV-1 p2428
ELISA.

RESULTS

DYNLLI, but not p150Glued or DYNLT]1, is essential for HIV-1
reverse transcription. In order to explore the contributions of
dynein adapter proteins in the early stage of HIV-1 replication, we
examined the requirement of DYNLLI, DYNLT1, or p150“"*? in
different early steps of HIV-1 replication by employing a gene KD
approach. For DYNLL1-KD, C8166T cells were transduced with
LVPs expressing different clones of shRNAs for DYNLLI1. After 3
days of transduction, the extent of DYNLL1-KD was examined by
WB using an anti-DYNLL1 antibody. DYNLL1-KD was most
efficient (i.e., approximately 70% KD) in cells that were trans-
duced with LVPs for DYNLL1 shRNA clone 2 (Fig. 1A, top panel,
lane 3), and this clone was used in our DYNLL1-KD experiments.
First, we examined the viability of the DYNLLI1-KD cells using a
WST-1 cell proliferation assay. DYNLL1 and control LVP-trans-
duced C8166T cells proliferated to a similar extent until 5 days
after transduction; however, the DYNLLI-KD cell proliferation
was moderately lower after 5 days of transduction (Fig. 1B).
Therefore, we carried out all our experiments within 5 days of
transduction, as depicted in Fig. 1C. First, to know the involve-
ment of DYNLLI in early steps of HIV-1 replication, we infected
the control or DYNLL1-KD C8166T cells with single-cycle repli-
cation-competent Luc reporter HIV-1 (HIV-Luc), as described in
Materials and Methods. At 24 h p.i., we detected 5- to 7-fold-lower
Lucactivity in DYNLL1-KD cells at all investigated infection doses
(Fig. 1D). In order to test whether DYNLLLI is involved in postin-
tegration steps (i.e., the late stage) of HIV-1 replication, DYNLL1
was knocked down in ACH-2 cells. (Fig. 1E, left). ACH-2 is an
HIV-1 latent T cell line with one copy of integrated proviral DNA
per cell, and HIV-1 production can be induced in ACH-2 cells by
PMA treatment. Control or DYNLL1-KD ACH-2 cells were incu-
bated with PMA (2 pg/ml). On day 2 or 3 of PMA treatment, the
HIV-1 production by ACH-2 cells was determined by measuring
the p245°€ concentration from supernatants using HIV-1 p24©8
ELISA. The results revealed no differences in HIV-1 production
between control and DYNLL1-KD ACH-2 cells, potentially ruling
out a role for DYNLLI in the late stage of HIV-1 replication (Fig.
1E). In subsequent investigations, we analyzed the total HIV-1
DNA and 2-LTR circle DNA synthesis in DYNLLI-KD C8166T
cells at 12 or 24 h p.i. by qPCR, as described in Materials and
Methods. Total HIV-1 DNA and 2-LTR circle DNA are the stan-
dard markers for HIV-1 reverse transcription and nuclear import,
respectively (48). Interestingly, total HIV-1 DNA synthesis was
reduced by 3- to 4-fold in DYNLL1-KD cells compared to control
cells (Fig. 1F), and a similar loss of 2-LTR circle DNA synthesis was
also evident in DYNLL1-KD cells (Fig. 1G). Conversely, the CD4
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FIG 1 DYNLLI is required for HIV-1 reverse transcription. (A) DYNLL1 knockdown. DYNLLI expression in LVP-transduced cells was examined by WB (top panel)
using an anti-DYNLLI antibody. The expression of 3-tubulin was included as loading control (bottom panel). (B) A WST-1 cell proliferation assay was performed at the
indicated time points following the LVP transduction to determine the proliferation of control and DYNLLI LVP-transduced cells. (C) Diagram showing LVP
transduction and different time intervals for HIV-1 infection and DNA transfection experiments following LVPs transduction. (D) Control or DYNLL1-KD C8166T
cells (0.5 X 10°) were infected with different doses of HIV-Luc. At 24 h p.i., viral replication was examined by measuring Luc activity. The statistical significance between
the control and DYNLLI-KD cells infections was determined by Student’s ¢ test. **, P < 0.01 (n = 3). (E) Left, control or DYNLL1-KD ACH-2 cells were incubated with
PMA (2 wg/ml). Right, on day 2 or 3 of PMA treatment, the p24*¢ concentration in supernatants was determined using HIV-1p24“*¢ ELISA (shown on right side). The
data were confirmed in two independent experiments. (Fand G) Control or DYNLL1-KD C8166T cells (1.5 X 10°) were infected with HIV-Luc. At 12 and 24 h p.i., total
HIV-1DNA (F) and 2-LTR circle DNA (G) were quantified by qPCR. The values shown are the averages of triplicates with the indicated standard deviations. A two-way
analysis of variance (ANOVA) was performed to determine the statistical significance between the samples. ***, P < 0.001 (n = 3). The data were confirmed in three
independent experiments. (H) Control or DYNLL1-KD C8166T cells were stained with anti-CD4-APC or isotype control antibodies and analyzed by flow cytometry.
Representative flow cytometric images show the expression of CD4 receptor on the gated live cells. Student’s ¢ test was employed to determine the statistical significance.
(I) HIV-1 entry into control or DYNLL1-KD cells, as determined by quantifying HIV-1 genomic RNA. (J) Control or DYNLLI1-KD cells (0.5 X 10°) were infected with
equal amounts of MMLV-Luc. At 24 h p.i., the MMLYV replication was examined by measuring Luc activity. (K) p150°*** and DYNLT1 knockdown. p150“"** or
DYNLT]1 expression in the LVP-transduced cells was examined by WB using corresponding antibodies. The expression of 3-tubulin was included as loading control. (L)
Control, p150%"*-KD, or DYNLT1-KD C8166T cells (1.5 X 10°) were infected with HIV-Luc (at 10 ng of HIV-1 p24%°8). At 12 h p.i., total HIV-1 DNA was quantified
by gPCR. RLU, relative light units. INA 8, heat-inactivated virus control.
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receptor expression (Fig. 1H) and level of HIV-1 entry (Fig. 1I)
were not altered between control and DYNLL1-KD cells, ruling
out defective HIV-1 entry as a possible cause for low levels of
reverse transcription. Together, the above results suggest that
DYNLLI is specifically involved in efficient HIV-1 reverse tran-
scription at early times postinfection. In order to determine
whether the requirement for DYNLLLI is specific to HIV-1 repli-
cation, we carried out an MMLV-Luc replication analysis in
DYNLLI-KD cells. The replication of MMLV was also reduced by
approximately 4-fold in DYNLL1-KD cells (Fig. 1J). Thus, the
above data suggest that DYNLL] may also be essential for the
replication of MMLV. To test the effect of p150°“*d and
DYNLT1-KD on HIV-1 reverse transcription, we performed KD
of p1509"**? or DYNLT1 in C8166T cells (Fig. 1K), as described in
Materials and Methods. However, unlike DYNLL1, DYNLT1- or
p150¢ed_KD failed to affect total HIV-1 DNA synthesis (Fig. 1L),
ruling out their role in HIV-1 reverse transcription. Therefore, we
excluded DYNLT1 or p150“*® from further functional analysis
in the present study.

HIV-1integrase, but not capsid, matrix, or reverse transcrip-
tase, interacts with DYNLL1. The HIV-1 RTC/PIC contains IN,
CA, MA, and RT proteins, which are implicated in reverse tran-
scription (2, 22, 33, 49-54). Thus, we wanted to determine
whether DYNLLI interacts with any or all of these viral proteins.
First, we examined the interaction of IN, MA, CA, or RT protein
with endogenous DYNLLI in 293T cells by using a Co-IP assay. In
our analysis, the DYNLL1 was specifically coprecipitated with
GFP-IN but not with MA-YFP, GFP-CA, or GFP-RT (Fig. 2A, top
panel). Importantly, IN was also successfully coprecipitated with
endogenous DYNLLLI in a Co-IP performed using HIV-1-infected
C8166 CD4™ T cells (Fig. 2B, top panel). To determine if there is a
direct interaction between IN and DYNLLI, we performed an in
vitro interaction analysis using recombinant GST-IN and
DYNLLI proteins. The results revealed a specific coprecipitation
of DYNLLI with GST-IN but not with GST-MA or GST alone
(Fig. 2C, top panel). Together, the above results demonstrate a
direct interaction between IN and DYNLLI. Since DYNLLI inter-
acted specifically with IN, we then wanted to determine whether
the requirement for DYNLLI1 in HIV-1 reverse transcription is IN
dependent. To address this question, we performed an HIV-1AIN
infection and total HIV-1 DNA analysis in DYNLL1-KD cells.
Briefly, equal amounts of HIV-1,, and HIV-1AIN viruses, having
equal amounts of viral incorporated RT and p24°*8 proteins (Fig.
2D), were used to infect control or DYNLL1-KD C8166T cells. At
12 h p.i,, total HIV-1 DNA was quantified by qPCR. Although the
total HIV-1 DNA synthesis was significantly reduced in HIV-1yy,-
infected DYNLLI-KD cells, the total HIV-1 DNA synthesis in
HIV-1AIN virus-infected control and DYNLL1-KD cells demon-
strated no significant difference (Fig. 2E). Taken together, the
above data suggest that the DYNLLI requirement for HIV-1 re-
verse transcription is IN dependent. Since DYNLL1 was also re-
quired for MMLYV replication (Fig. 1]), we examined the MMLV
IN interaction with DYNLL]I, as described in Materials and Meth-
ods. Interestingly, we also observed a positive interaction between
GFP-IN (MMLV) and PL-DYNLLI (Fig. 2F, upper panel), sup-
porting the involvement of DYNLL1 in MMLYV replication.

The conserved motifs in the N- and C-terminal domains of
IN are required for DYNLLI interaction. The consensus motifs
for DYNLLI interaction are broadly grouped into the following
three classes based on sequence similarity: KXTQTX, XG(I/
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V)QVD, and noncanonical (55-57) (“X” is any amino acid). In
order to elucidate the DYNLLI interaction motif(s) in IN, we first
identified IN minimum regions for DYNLLI interaction by ana-
lyzing DYNLLI interaction with various IN deletion mutants.
Briefly, GFP, GFP-INy,, or different GFP-IN deletion mutant
(i.e., amino acids [aa] 50 to 288, 117 to 288, 180 to 230, 1 to 212,
and 1 to 230) expression vectors (Fig. 3A) were cotransfected with
PL-DYNLLI expression vector in 293T cells, and the interaction
of PL-DYNLLI1 with GFP-INy,; Was examined by chemilumi-
nescent Co-IP using an anti-GFP antibody, as described in Mate-
rials and Methods. IN deletion mutants that lack aa 1 to 117 (i.e.,
the IN,,_,4s mutant) or aa 230 to 288 (i.e., the IN,_,;, mutant)
exhibited attenuated interactions with DYNLL1 (Fig. 3B, bars 4
and 7). Additionally, the IN,4,_,5, deletion mutant, which lacks
both aa 1 to 117 and 250 to 288, was severely impaired in its ability
to interact with DYNLL1 (Fig. 3B, bar 5). Figure 3C shows the
expression levels for PL-DYNLLI (upper panel) and GFP-INwt or
deletion mutants (lower panel). These results led to the conclu-
sion that amino acid residues 50 to 117 and 230 to 288 in IN are
essential for interaction with DYNLLI. Interestingly, IN amino
acid sequence analysis revealed two motifs (i.e., >GQVD and
#%VIQD) in IN that closely resemble the consensus sequence for
DYNLLI interaction (Fig. 3D) and are also conserved across dif-
ferent HIV-1 strains (representative sequences are shown in Fig.
3D). Because the glutamine (Gln) amino acid in the consensus
sequence plays a crucial role in DYNLLI interactions (56), we
introduced Gln (Q)-to-Ala (A) mutations into each of the puta-
tive DYNLLI1 interaction motifs of IN and examined these INy,,
protein interactions with PL-DYNLL1 by chemiluminescent Co-
IP. Our initial analyses showed attenuated interaction of GFP-
INGs3a and GFP-INg,s,, with PL-DYNLLI (data not shown).
Subsequently, we introduced a Q53A/Q252A double mutation
into GFP-IN (GFP-IN@s3,/02524) and tested the level of interac-
tion with PL-DYNLLI by chemiluminescent Co-IP. This GFP-
INGs34/02524 double mutant was greatly impaired in its ability to
interact with PL-DYNLLI1 compared to the GFP-IN;5;, or GFP-
ING,524 single mutant (Fig. 3E, compare bars 3 and 4 with bar 5).
Based on the above data, we suggest that the >GQVD and
2OVIQD motifs in IN are involved in the interaction with
DYNLL1.

HIV-1 INGs34/02524 mutant virus is defective for reverse
transcription. In order to gain more insight into the role of IN-
DYNLLLI interaction in HIV-1 reverse transcription, we per-
formed replication or total HIV-1 DNA analysis for DYNLLI in-
teraction-defective IN mutant HIV-1 (HIV-1INs3,/02524) in the
C8166T cell line and primary human CD4" T lymphocytes.
Briefly, HIV-1y,, HIV-1INGs3a/q0504> and HIV-1AIN viruses
were produced by transcomplementation method as described in
Materials and Methods (Fig. 4A). Subsequently, similar levels of
viral incorporated RT and IN proteins were detected for HIV-1yy,
and HIV-1IN,,, viruses by WB analysis as described in Materials
and Methods (Fig. 4B). In order to assess replicative capabilities,
0.5 X 10° C8166T cells were infected with equal amount of the
HIV-1yy, HIV-1INgs54/02524, 0F HIV-1AIN virus. At 72 h p.i.,
virus replication was detected by examining p24°*8 protein pro-
duction in the supernatants by using an anti-HIV-1p24°8 ELISA.
The results demonstrated significantly low levels of virus replica-
tion in infections with HIV-1INs34/02524 double mutant or HIV-
1AIN virus (i.e., approximately 5- to 7-fold reduced) (Fig. 4C).
For HIV-1 reverse transcription analysis, we quantified the total
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FIG 2 HIV-1 IN, but not CA, MA, or RT, interacts with DYNLLI. (A) The GFP, GFP-IN, GFP-CA, MA-YFP, or GFP-RT protein was expressed in 293T cells,
and coprecipitation of endogenous DYNLLI (top panel) was detected by Co-IP using an anti-GFP antibody, as described in Materials and Methods. The
immunoprecipitation of GFP, GFP-IN, MA-YFP, or GFP-CA (middle panel) was detected by WB using an anti-GFP antibody. DYNLLI expression in the total
cell lysate was detected by WB using an anti-DYNLLI antibody (bottom panel). The data were confirmed in three independent experiments. (B) IN-DYNLL1
interaction during HIV-1 infection. C8166T cells (15 X 10°) were infected with the HxBru or HxBru-IN-HA virus (at 50 ng of virus-associated p24°*¢). After 72
h p.i., the cells were subjected to Co-IP using an anti-HA antibody, and coprecipitation of DYNLLI (top panel) was detected by WB using an anti-DYNLL1
antibody, as described in Materials and Methods. IN-HA immunoprecipitation was determined by probing the WB with an anti-HA antibody (second panel
from the top). The expression of DYNLLI and similar level of HIV-1 infection were determined by probing the total cell lysates for the DYNLL1 and HIV-1 p24©2¢
proteins by WB (third and fourth panels from the top, respectively) using the corresponding antibodies. The data were confirmed in two independent
experiments. (C) IN-DYNLLI interaction in vitro. GST, GST-IN, or GST-MA protein was incubated with recombinant DYNLLI protein. The coprecipitation of
DYNLLI (top panel) was detected as described in Materials and Methods. The immunoprecipitation of GST, GST-IN, or GST-MA in elutes was detected by WB
using an anti-GST antibody (middle panel). DYNLLI protein in the supernatants was detected by WB using an anti-DYNLL1 antibody (bottom panel). The data
were confirmed in two independent experiments. (D) HIV-1yy, or HIV-1AIN virus-incorporated RT (top panel), IN (middle panel), and p24<*¢ (bottom panel)
was detected by WB using the corresponding antibodies, as described in Materials and Methods. (E) Control or DYNLL1-KD C8166T cells (1.5 X 10°) were
infected with the HIV-1,,, or HIV-1AIN virus (at 50 ng of virus-associated p24°?%). At 12 h p.i., total HIV-1 DNA was quantified by gPCR. The values shown are
the averages of triplicates with the indicated standard deviations. The data were confirmed in two independent experiments. Statistical significance was
determined using Student’s ¢ test. *, P < 0.05 (n = 3). (F) DYNLLI interaction with MMLV IN. GFP, GEP-IN (MMLV), or GFP-IN (HIV-1) was cotransfected
with PL-DYNLLLI in 293T cells. After 48 h of transfection, 8/10 of the cells were subjected to Co-IP with the anti-GFP antibody. The coprecipitation of
PL-DYNLLI was detected by measuring the PL activity from the immunoprecipitates (top panel). One-tenth of the cells were subjected to PL-DYNLL1
expression analysis by measuring the PL activity (middle panel). One-tenth of the cells were subjected to GFP, GFP-IN (MMLV), or GFP-IN (HIV-1) expression
analysis by WB using the anti-GFP antibody (bottom panel). RLU, relative light units. INA, heat-inactivated virus control.

HIV-1 DNA levels from HIV-1yy-, HIV-1INs534/q2524-> 0r HIV-
1AIN-infected control and DYNLL1-KD C8166T cells by qPCR.
The results illustrated significantly low levels of total HIV-1 DNA
in HIV-1INs34,02524-infected control cells (Fig. 4D). In contrast,
there was no significant difference in total HIV-1 DNA levels be-
tween HIV-1yy,- and HIV-1INs34/02524-infected DYNLL1-KD
cells (Fig. 4D). Furthermore, we analyzed the total HIV-1 DNA
synthesis in activated primary human CD4" T lymphocytes de-
rived from three independent donors. In all the donors, we
detected an approximately 4- to 5-fold-lower total HIV-1 DNA
synthesis in HIV-1INs34/02524 Mutant virus infection than in
HIV-1y, infection (Fig. 4E). Since IN-RT interaction has been
implicated in HIV-1 reverse transcription (50, 54, 58, 59), we
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analyzed INs3,/02524 Mutant protein interaction with RT by
cell-based Co-IP. However, we found no change in RT interac-
tion with the INyy, or the INGs34/02524 Mutant protein (data
not shown). All of these data taken together suggest that
DYNLL1 interaction-defective INqgs34/q250a mutant HIV-1
(HIV-1INGs34/q2524) 18 impaired for reverse transcription.
HIV-1 exhibits premature uncoating in DYNLL1-KD cells or
cells infected with HIV-1IN534/02524 mutant virus. The mech-
anism by which the interaction between IN and DYNLL1 contrib-
utes to HIV-1 reverse transcription remains unknown. Accumu-
lated evidence suggests that proteins undergo conformational
change and exhibit a higher a-helical content after binding to
DYNLLI (60-62). Therefore, it is possible that DYNLL1 binding
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FIG 4 HIV-1 INgs34/00524 Mutant virus is defective for reverse transcription. (A) Diagrammatic representation of the HxBru/R™/ARI/E™ provirus and the
Vpr-RT-INyy;p, fusion protein expression vectors. (Adapted from reference 42.) (B) HIV-1y,,, HIV-1IN 53 5/2524 OF HIV-1AIN virus-incorporated RT (top
panel), IN (middle panel), and p24°?¢ (bottom panel), detected as described in Materials and Methods. (C) C8166T cells (0.5 X 10°) were infected with the
HIV-1yy, HIV-1INs54/02524> 0 HIV-1AIN virus (at 10 ng of virus-associated p24°€), and HIV- 1 replication was analyzed by HIV-1 p24°8 ELISA, as described
in Materials and Methods. The values shown are the averages of triplicates with the indicated standard deviations. The statistical significance between the
infections was determined by using a one-way ANOVA. ***, P < 0.001 (n = 3). The data were confirmed in two independent experiments. (D) Control or
DYNLLI-KD C8166T cells (1.5 X 10°) were infected with the HIV-1yy,, HIV-1IN(53 5 /02524» and HIV-1AIN viruses (at 50 ng of virus-associated p24“°8). At 12
h p.i., the total HIV-1 DNA was quantified by qPCR. The values shown are the averages of triplicates with the indicated standard deviations. One-way ANOVA
was performed to determine the statistical significance. The data were confirmed in two independent experiments. ***, P < 0.001 (n = 3); #, nonsignificant (NS).
(E) Primary human CD4" T cells were purified from PBMCs of three healthy adult human volunteers and stimulated with PHA (3 pg/ml) as described in
Materials and Methods. CD4 ™ T cells (1.5 X 10°) following stimulation were infected with HIV-1y, and HIV-1INs53/02524 (at 50 ng of virus-associated p24°€),
and total HIV-1 DNA was quantified at 24 h p.i. as described in Materials and Methods. The Student ¢ test was used to determine the statistical significance. ***,
P < 0.001 (n = 3). INA, heat-inactivated virus control.

may contribute to a stable IN multimer formation and promote DYNLL1 in 293T cells did not alter the interaction between IN and
the IN interaction with other cellular and/or viral proteins during ~ RT (data not shown), suggesting no potential role for DYNLLI in
infection. Indeed, accumulated evidence suggests that IN func-  IN-RT interaction. After ruling out a role for DYNLLI in IN mul-
tions as a multimer (63-66). However, our data failed to suggesta  timerization and stable IN-RT assembly, we explored the role of
role for DYNLLI in IN multimerization (Fig. 5A). Moreover, the DYNLLI in HIV-1 uncoating. It is now quite evident that both
coexpression of IN and RT with and without overexpression of accelerated and delayed uncoating can lead to lower levels of

FIG 3 The consensus motifs in the N- and C-terminal domains of IN are required for DYNLLI interaction. (A) Schematic diagram of the GFP-IN deletion
mutant and PL-DYNLLI fusion proteins that were used in this study. (B and C) The GFP and GFP-IN,,,/deletion mutant proteins were coexpressed with
PL-DYNLLLI in 293T cells. (B) Coprecipitation of PL-DYNLLI1 was detected by Co-IP using an anti-GFP antibody, followed by analysis of PL activity from the
immunoprecipitates, as described in Materials and Methods. (C) Upper panel, PL-DYNLLI expression was detected by measuring PL activity from total cell
lysate. The data are presented as fold change in the PL activity with respect to the wild-type control. Lower panel, the expression of GFP-INyy,\,, proteins in the
total cell lysate was detected by WB using an anti-GFP antibody. The data shown are the average values from three independent experiments with the indicated
standard deviation. (D) Diagram showing the minimum regions in HIV-1IN (i.e., aa 50 to 117 and 230 to 288) for DYNLLLI interaction, the general consensus
sequence for DYNLLI interaction, the putative DYNLLI interaction motifs in HIV-1IN, and the IN sequence alignment for few representative HIV-1 strains. The
fulllist of HIV-1 sequences, including the accession numbers, can be found in the HIV sequence compendium, 2014. (The IN sequence alignment is adapted from
the HIV sequence compendium, 2014.) (E) The GFP-INy, GFP-IN 5354, GFP-IN;5,4, 0OF GFP-IN554/02524 Protein was coexpressed with PL-DYNLLI in 293T
cells, and coprecipitation of PL-DYNLLI (top panels) was detected by Co-IP using an anti-GFP antibody, followed by analysis of PL activity from the
immunoprecipitates. PL-DYNLLI expression was detected by measuring PL activity from total cell lysate (middle panel). The data are presented as fold change
in the PL activity with respect to wild-type control. The expression of GFP-INy, . (bottom panel) was detected by WB using an anti-GFP antibody. The data
shown are the average values from three independent experiments with the indicated standard deviations.
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HIV-1 reverse transcription (reviewed in reference 22). We em-
ployed the “fate-of-capsid assay” to study HIV-1 uncoating. First,
the feasibility of the fate-of-capsid assay for HIV-1 uncoating
analysis under our own laboratory conditions was confirmed. In
our analysis, the transiently expressed GFP-CA protein, which
represents the soluble CA (i.e., CA released from the RTC/PIC),
was found exclusively in the supernatant fraction, whereas HIV-1
RTC/PIC-associated IN or CA (i.e., particulate CA) protein was
segregated in the pellet fraction (data not shown). Subsequently,
3 X 107 control or DYNLL1-KD C8166T cells were infected with
HIV-1 as described in Materials and Methods. Prior to the fate-
of-capsid assay, similar levels of HIV-1 infection were detected in
control and DYNLLI-KD cells by analyzing p24“ contents in
total cell lysates (Fig. 5B, top). At4, 8, and 12 h p.i., approximately
107 cells were harvested and subjected to the fate-of-capsid assay
as described in Materials and Methods (Fig. 5B, bottom). Inter-
estingly, for all time points of harvest, we detected lower levels of
particulate CA in DYNLL1-KD cell infections (i.e., approximately
0.55- * 0.02-fold) than in empty vector control infections (Fig.
5C). These data for the first time suggested that the lack of
DYNLLI expression would lead to the accelerated (i.e., prema-
ture) uncoating of HIV-1. Next, we examined the particulate CA
levels in infections with HIV-1yy, or HIV-1INs34/02524 Mutant
virus. HIV-1AIN virus was included as a control. For all time
points of harvest, we detected lower levels of particulate CA in
infections with HIV-1INs34/02504 (i-€., approximately 0.58- *
0.05-fold) or HIV-1AIN than in HIV-1y, infections (Fig. 5D).
Also, we examined the particulate CA levels following the infec-
tion of DYNLLI-KD or control cells with HIV-1,,, and HIV-
1INGs3a/Q2504 Mutant viruses. Even though HIV-1INgs34/02524
exhibited lower levels of particulate CA in control cell infections,
no significant differences in particulate CA was detected between
HIV-1,y, and HIV-1IN 5 02504 in DYNLL1-KD cells (P = 0.08,
n=3) (Fig. 5E). A previous study linked the accelerated uncoating
of HIV-1AIN to a lack of CypA incorporation into the virus (49).
However, we did not observe any differences in CypA incorpora-
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tion between the HIV-1y, and HIV-1INs3,,02524 Viruses (data
not shown). Together, the above findings support the conclusion
that the DYNLLI-IN interaction is required for the proper un-
coating of HIV-1. Since some earlier studies implicated DYNLL1
in cargo recruitment to the dynein complex during retrograde
transport (17, 18, 67), we were interested in examining the poten-
tial role of interaction between IN and DYNLLI in HIV-1 associ-
ation with the dynein complex. Since dynein adapter proteins re-
cruit cargo to the dynein complex through the interaction with
DIC1/2 (Fig. 5F) (reviewed in reference 68), we examined the
interaction of the GFP-IN(ys3 /02524 Mutant and GFP-INy, pro-
teins with endogenous DICI in 293T cells by Co-IP. Interestingly,
both GFP-INyy, and GFP-INys34/q2524 €xhibited similar levels of
interaction with DIC1 (Fig. 5G, top panel). Moreover, we detected
no change in interaction between GFP-IN and DIC1 with or with-
out T7-DYNLLI1 overexpression (Fig. 5H, top panel). The above
data led us to believe that IN-DYNLLI interaction is not likely to
have a role in HIV-1 association with the dynein complex. To-
gether, these results suggest that IN-DYNLLI interaction is in-
volved in the proper uncoating of HIV-1. Here, we speculate that
the accelerated or premature HIV-1 uncoating in the absence of
interaction between IN and DYNLL1 would result in the as-
sembly of unstable RTCs, which would at least partially con-
tribute to the low levels of HIV-1 reverse transcription (Fig. 6).
Further investigations are required to precisely understand the
role of IN-DYNLLI interaction in HIV-1 reverse transcription
and uncoating.

DISCUSSION

In the present study, we explored the requirement for DYNLLI,
DYNLTI, and p150°"*? in early steps of HIV-1 replication by a
gene KD approach. Our analysis demonstrated the requirement
for DYNLL1 in HIV-1 reverse transcription. Subsequently, we
elucidated the DYNLLLI interaction with HIV-1 IN and deter-
mined that the >>GQVD and **°VIQD motifs in IN were essential
for DYNLLLI interaction. Through continued analyses, we have

FIG 5 HIV-1 exhibits premature uncoating in DYNLL1-KD cells or after infection with HIV-1IN 55 /2524 mutant virus. (A) 293T cells were cotransfected with
various GFP-INyy,/y g, Or PL-INyy 0, fusion protein expression vectors as follows: GFP with PL-INyy, (bar 1), GFP-INyy, with PL-INy, (bar 2), GFP-INs34/q2524
with PL-INs30/q2504 (bar 3), or GFP-INy, g6a/m1874 With PL-INy g60/r1874 (Dar 4). After 48 h of transfection, the cells were lysed and the lysates were
immunoprecipitated using an anti-GFP antibody. The coprecipitation of PL-INyy,,5, in the immunoprecipitates was examined by measuring the PL activity (top
panel). The expression of PL-INyy,,, was detected by measuring the PL activity (middle panel), and the expression of the GFP-INyy,/,,, protein was detected by
probing the WB with the anti-GFP antibody (bottom panel). RLU, relative light units. (B) Top, representative data showing the similar levels of HIV-1 infection
in control and DYNLLI1-KD cells during the fate-of-capsid assay as determined by HIV-19?€ levels in total cell lysates. The statistical significance was analyzed
using a Student ¢ test. ¥, P = 0.187 (n = 3). Bottom, diagram showing the different steps of the fate-of-capsid assay, as described in Materials and Methods. (C)
Control or DYNLL1-KD C8166T cells were infected with the HIV-1yy, virus (at 25 ng of virus-associated p24G"’g/ 10° cells). At 4, 8, and 12 h postinfection, the
HIV-1 uncoating was analyzed by the fate-of-capsid assay, as described in Materials and Methods. The data were interpreted as the fold difference in particulate
CA concentrations between the control and DYNLL1-KD cell infections. The statistical significance of the differences observed between the control and
DYNLLI-KD cell infections was determined using a Student ¢ test, ¥, P < 0.05; **, P < 0.01 (n = 3). (D) C8166T cells were infected with equal amounts of the
HIV-1y, HIV-1IN554/2524> OF HIV-1AIN virus (at 25 ng of virus associated p249°8/1 X 10° cells). At 4, 8, and 12 h p.i., the HIV-1 uncoating was analyzed by
the fate-of-capsid assay. The data were interpreted as the fold differences in particulate CA concentrations between wild-type and mutant virus infections. A
two-way ANOVA analysis was performed to determine the statistical significance between the samples. ***, P < 0.001 (n = 3). (E) Control and DYNLL1-KD
C8166T cells were infected with the HIV-1,,, or HIV-1IN534/02524 Virus (at 25 ng of virus associated p24*8/1 X 10° cells). At 4 h p.i., HIV-1 uncoating was
analyzed by fate-of-capsid assay, and the data were interpreted as fold differences in particulate CA concentrations between wild-type and mutant virus-infected
DYNLLI-KD or control cells. The Student ¢ test was used to determine the statistical significance. ***, P < 0.001 (n = 3). (F) Different components of the dynein
complex and the recruitment of cargo to the dynein complex through simultaneous interactions of DYNLLI with DIC1/2 and cargo (HIV-1 IN). DYNLRBI,
dynein light chain roadblock-type 1; DLIC, dynein light intermediate chain; DHC, dynein heavy chain. (G) GFP, GFP-INyy,, GFP-INs534/q2524> and GFP-CA
fusion proteins were expressed in 293T cells, and the coprecipitation of endogenous DIC1 (top panel) was detected by Co-IP using an anti-GFP antibody. The
immunoprecipitation of GFP, GFP-INyy,, GFP-INs34/q2524> OF GFP-CA was detected by WB using an anti-GFP antibody (middle panel). DICI expression in
the total cell lysate was detected by WB using an anti-DICI antibody (bottom panel). (H) GFP or GFP-IN was coexpressed with or without T7-DYNLLI in 293T
cells. The coprecipitation of DICI (top panel) or T7-DYNLLI (second panel from the top) was detected by Co-IP using an anti-GFP antibody. The immuno-
precipitation of GFP or GFP-IN was detected by WB (third panel from the top) using an anti-GFP antibody. The expression of T7-DYNLLI and DICI in total
cell lysate was detected by WB using the corresponding antibodies (bottom two panels).
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shown the requirement for IN and DYNLLI in efficient reverse
transcription and proper uncoating of HIV-1.

DYNLLI-KD resulted in low levels of luciferase reporter
HIV-1 replication (Fig. 1D). Further, we have also demonstrated
that the postintegration steps of HIV-1 replication were not af-
fected in DYNLL1-KD cells (Fig. 1E). These data illustrated that
DYNLLI is essential for steps in early-stage HIV-1 replication. In
continued investigations, we detected low levels of total HIV-1
DNA synthesis in DYNLLI-KD cells (Fig. 1F). Meanwhile,
DYNLLI-KD neither caused loss of CD4 receptor expression (Fig.
1H) nor affected HIV-1 entry into the cell (Fig. 11). Together, the
above data helped us to suggest that DYNLLI is involved in the
reverse transcription step of HIV-1 replication. DYNLLI1 was also
found to be essential for MMLYV replication (Fig. 1J), and MMLV
IN was successfully coprecipitated with DYNLLI in our Co-IP
assay (Fig. 2F). These data suggest that DYNLLI is also involved in
MMLYV replication and is possibly also engaged in the replication
of retroviruses other than HIV-1 or MMLV. Therefore, future
investigations exploring the role of DYNLLI in the replication of
other retroviruses are strongly encouraged.

The HIV-1 RTC contains viral proteins such as IN, MA, CA,
and RT (69, 70), which are implicated in reverse transcription
(reviewed in reference 2). In our Co-IP analyses (Fig. 2A, B, and
C), HIV-1 IN but not CA, MA, or RT interacted with DYNLLI,
indicating a possible role for IN-DYNLLI interaction in HIV-1
reverse transcription. In conjunction with our interaction data, a
recent study elucidated the HIV-1 IN interaction with yeast dy-
nein light chain (Dyn2p) in Saccharomyces cerevisiae by yeast two-
hybrid analysis (71). As Dyn2p is an ortholog of mammalian
DYNLLI, that report supports our data on IN interaction with
DYNLLI. It has been shown that proteins bind DYNLL1 with the
help of a consensus interaction motif(s) [i.e., KXTQTX, XG(I/
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V)QVD, or noncanonical] (25, 55-57). During our amino acid
sequence analysis, we identified two putative DYNLLI interaction
motifs in IN (i.e., >’GQVD and *>°VIQD). Interestingly, these mo-
tifs were located within the IN minimum regions (aa 50 to 117 and
230 to 288 in IN) for DYNLLI interaction. It is worth noting that
an earlier study, through analysis of IN crystal structure, indicated
that the regions of IN that comprise the >*GQVD or **°VIQD
motif are solvent exposed (72), indicating that these motifs are
able to mediate interaction with partnering proteins. In support of
our assumption, Q-to-A mutations in the **GQVD and *>°VIQD
motifs of IN (i.e., INgs3a/02524) Tesulted in severely attenuated
interaction with DYNLL1 (Fig. 3E). Therefore, we strongly sug-
gest that the >*GQVD and **°VIQD motifs in IN mediate DYNLLI
interaction. This is a first report demonstrating the consensus
DYNLLI interaction motifs in IN and IN interaction with
DYNLL.

The DYNLLI interaction-defective IN mutant HIV-1 (HIV-
1INGs34/02524) Was impaired in its ability for efficient reverse
transcription (Fig. 4D and E). It is known that mutations in IN can
cause pleiotropic effects on HIV-1 replication (73). Our data in
Fig. 4D, which show no reverse transcription differences between
HIV-1yy, and the HIV-1INGs34/092504 Mutant in DYNLL1-KD
cells, would rule out potential pleotropic effects of INqs34/02524
mutations on HIV-1 reverse transcription. Meanwhile, these data
also highlight the specificity of IN-DYNLLI interaction for HIV-1
reverse transcription. In addition, HIV-1INs34/02524 Was also
defective for reverse transcription in primary human CD4 ™ T cells
(Fig. 4E). Even though we noticed donor-dependent variation in
the level of HIV-1 infection in donor 3, the reverse transcription
differences between different donors were consistent. These data
underscore the clinical relevance of IN-DYNLLI interaction for
efficient HIV-1 reverse transcription.
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In earlier studies, IN-RT interaction has been implicated in
HIV-1reverse transcription (50, 59). Therefore, we suspected that
DYNLLI binding of IN would favor IN multimerization, which in
turn would facilitate IN/RT complex formation. However, in our
analysis, DYNLLI interaction was not essential for IN dimeriza-
tion (Fig. 5A). Since DYNLLI failed to interact with RT (Fig. 2A),
itis also unlikely that DYNLLI has a role in de novo HIV-1 reverse
transcription. Interestingly, our data suggested that the lack of
IN-DYNLLI interaction leads to a moderate increase in the rate of
HIV-1 uncoating (Fig. 5C, D, and E). It is of interest to note thata
recent study implicated IN in proper uncoating of HIV-1 based on
the finding that HIV-1AIN shows accelerated uncoating and
lower levels of reverse transcription (49). Although the authors of
that paper suggested the lack of CypA incorporation into HIV-
1AIN as a cause for accelerated uncoating (49), this does not rule
out the possibility of alternative mechanisms. Based on our un-
coating data, we suggest that DYNLL1 would be recruited to the
HIV-1RTCby interaction with IN and regulate the timely uncoat-
ing. We also suggest that this mechanism may at least partially
contribute to the lower levels of reverse transcription seen in the
absence of IN-DYNLLI interaction, as HIV-1 reverse transcrip-
tion has been suggested to be functionally linked with the proper
uncoating of the virus (reviewed in reference 22).

In recent studies, the inhibition of dynein function by KD of
dynein heavy chain (DYNCIHI) or the disruption of the intact
MT filaments in cells by nocodazole treatment delayed the un-
coating process during HIV-1 infection (20, 21). Thus, the au-
thors of these papers suggested that the dynein complex and intact
MT filament network facilitate HIV-1 uncoating (20, 21). In con-
trast, neither the inhibition of dynein function nor the disruption
of the MT network affected HIV-1 reverse transcription in cells
(20). In contrast with these observations, our study showed that
the DYNLL1-KD or lack of IN-DYNLL1 interaction resulted in a
significant loss of reverse transcription and an increase in rate of
HIV-1 uncoating. In addition, our data in Fig. 5G and H also
indicated that IN-DYNLLI interaction probably does not have a
role in HIV-1 association with the dynein complex. In support of
our observation, a previous study, based on the structural and
thermodynamic analysis of DYNLLYI, also suggested that DYNLL1
is not able mediate cargo recruitment to the dynein complex (74).
Thus, it is possible that DYNLL1 would be contributing to HIV-1
reverse transcription and uncoating from outside the dynein com-
plex. Therefore, we strongly believe that the role of DYNLLI in
HIV-1 reverse transcription or uncoating is distinct from func-
tional dynein complex or intact MT filaments. However, further
investigations are certainly needed to precisely define the role of
DYNLLI and the dynein complex or MT network in HIV-1 un-
coating.

The findings of this study lead to one important question re-
garding how IN-DYNLLLI interaction contributes to the proper
uncoating of HIV-1 and reverse transcription. DYNLL1 has been
shown to interact with a number of different cellular proteins
outside the dynein complex and to act as a facilitator for protein
complex formation (25). Therefore, cellular proteins may be re-
cruited to the RTC via DYNLLLI interaction, leading to HIV-1
RTC reorganization and/or stabilization, which would in turn
contribute to proper uncoating and/or efficient reverse transcrip-
tion of HIV-1. Conversely, lack of IN-DYNLLI1 interaction leads
to faster uncoating and formation of unstable RTC, resulting in
low levels of HIV-1 reverse transcription (Fig. 6). Alternatively,
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based on the recent suggestions that CypA-CA interaction in tar-
get human cells possibly protects HIV-1 against the rapid uncoat-
ing induced by the humanTRIM5a (75, 76), DYNLL1 would con-
tribute to the proper uncoating and reverse transcription of
HIV-1 by promoting CypA association with CA or stabilizing
CypA-CA interaction in RTCs. Future investigation into both of
the above hypotheses would enable us to understand the precise
role of IN-DYNLLI interaction in HIV-1 reverse transcription
and uncoating. In conclusion, our study provides novel evidence
for the utilization of DYNLL1 by HIV-1 via interaction with its IN
protein to promote efficient reverse transcription and proper un-
coating. This work, in addition to evaluating the involvement of
HIV-11IN in proper uncoating, provides evidence for the existence
of a possible alternative mechanism by which IN facilitates the
proper uncoating and efficient reverse transcription of HIV-1.
The findings of this study may have implications for development
of therapeutic strategies against HIV-1 infection.
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