
Impaired Infectivity of Ritonavir-resistant HIV Is Rescued by
Heat Shock Protein 90AB1*

Received for publication, April 5, 2011, and in revised form, May 19, 2011 Published, JBC Papers in Press, May 20, 2011, DOI 10.1074/jbc.M111.248021

Pheroze Joshi and Cheryl A. Stoddart1

From the Division of Experimental Medicine, Department of Medicine, University of California, San Francisco, California 94110

Certain ritonavir resistance mutations impair HIV infectivity
through incomplete Gag processing by the mutant viral prote-
ase. Analysis of themutant virus phenotype indicates that accu-
mulation of capsid-spacer peptide 1 precursor protein in virus
particles impairs HIV infectivity and that the protease mutant
virus is arrested during the early postentry stage of HIV infec-
tion before proviral DNA synthesis. However, activation of the
target cell can rescue this defect, implying that specific host fac-
tors expressed in activated cells can compensate for the defect in
ritonavir-resistantHIV.This ability to rescue impairedHIV rep-
lication presented a unique opportunity to identify host factors
involved in postentry HIV replication, and we designed a func-
tional genetic screen so that expression of a given host factor
extracted fromactivatedT cells would lead directly to its discov-
ery by rescuingmutant virus replication in nonactivated T cells.
We identified the cellular heat shock protein 90 kDa � (cytoso-
lic), class B member 1 (HSP90AB1) as a host factor that can
rescue impaired replication of ritonavir-resistant HIV. More-
over, we show that pharmacologic inhibition ofHSP90AB1with
17-(allylamino)-17-demethoxygeldanamycin (tanespimycin)
has potent in vitro anti-HIV activity and that ritonavir-resistant
HIV is hypersensitive to the drug. These results suggest a possi-
ble role for HSP90AB1 in postentry HIV replication and may
provide an attractive target for therapeutic intervention.

Certain mutations in HIV protease (PR)2 that confer resis-
tance to ritonavir (RTV), in particular I54V and V82A, result in
virus particles with incompletely processed Gag and impaired
replication capacity in vitro and in vivo. In vitro analysis indi-
cates that the loss in infectivity results from decreased proteo-
lytic activity of the mutant HIV PR, and RTV-resistant virus
particles display an accumulation of uncleaved Gag precursor
molecules, specifically capsid-spacer peptide 1 (CA-SP1) and
nucleocapsid-spacer peptide 2 (NC-SP2) (1). Mutational anal-

ysis of Gag and studies with the HIV maturation inhibitor
bevirimat (2) indicate that uncleaved CA-SP1 by itself is suffi-
cient to impair viral replication. This is because CAmaturation
structurally modifies the HIV core in preparation for host fac-
tor-mediated uncoating in the infected cell (3). Physical
changes in CA affect overall core stability and reduce viral
infectivity (4). Recent studies by Müller et al. (5) have shown
that even low amounts (�5%) of Gag processing intermediates
can display a transdominant negative effect on HIV infectivity
with the maturation cleavage between CA and SP1 being of
particular importance for the negative effect. In a previous
study, we found that although HIV with RTV resistance PR
mutations is minimally impaired for replication in mitogen-
activated peripheral blood T cells it is highly impaired for rep-
lication in human thymus both in the SCID-hu Thy/Liv mouse
model and in thymic organ culture (6). Our results suggest that
the unprocessed Gag molecules disrupt CA maturation (and
thus prevent proper HIV core uncoating) and that cellular acti-
vation is the intrinsic difference between thymocytes andmito-
gen-activated T cells in determining the replication capacity of
RTV-resistant HIV.
Successful core uncoating is the major rate-limiting step in

productive retroviral infection and is controlled largely by cel-
lular proteins (4, 7). For example, the host factor cyclophilin A
(CypA) interacts with HIV CA to promote uncoating of the
viral core (8); alternatively, various retroviral cores can be inac-
tivated through contact between CA and host restriction factor
Ref1, Lv1, or Trim5� (9). Studies by Yamashita et al. (10) pro-
vided evidence that the CA protein is a dominant viral determi-
nant for infection of nondividing cells. More recently, these
authors showed that tripartite motif family proteins and CypA
modulate the ability of HIV to infect nondividing cells through
their interaction with the CA protein (11). Uncoating and sub-
sequent steps in early stage HIV infection remain unclear but
are thought to occur through active recruitment of cytoplasmic
proteins by the viral CA core (12, 13), and functional gene
silencing screens have revealed that various cellular pathways,
enzyme complexes, and cytoskeleton proteins are involved
in each step leading to proviral DNA integration (14–17).
Although there wasminimal overlap among the screens in can-
didate HIV dependence genes, the consensus from these stud-
ies was that host factors associated with postentry HIV replica-
tion are cell-specific but often localize to common cellular
pathways (18). These interesting observations led us to hypoth-
esize that highly impaired replication of RTV-resistant HIV in
thymocytes, as opposed tominimal impairment in peripheral T
lymphocytes, is a result of differences in the cytoplasmic envi-

* This work was supported, in whole or in part, by a National Institutes of
Health grant from NIAID under Contract N01-AI-70002. This work was also
supported by California HIV/AIDS Research Program Grant ID09-SF-051 (to
C. A. S.) and in part by the University of California, San Francisco AIDS
Research Institute and the Harvey V. Berneking Living Trust.
Author’s Choice—Final version full access.

1 To whom correspondence should be addressed. Tel.: 415-206-8149; Fax:
415-206-8091; E-mail: cheryl.stoddart@ucsf.edu.

2 The abbreviations used are: PR, protease; RTV, ritonavir; CA-SP1, capsid-
spacer peptide 1; NC-SP2, nucleocapsid-spacer 2; CypA, cyclophilin A;
HSP90AB1, heat shock protein 90 kDa � (cytosolic), class B member 1; CA,
capsid; NC, nucleocapsid; PBMC, peripheral blood mononuclear cells; PHA,
phytohemagglutinin; VSV-G, vesicular stomatitis virus G; TCID50, 50% tis-
sue culture infectious dose; MA, matrix; IN, integrase; m.o.i., multiplicity of
infection; CC50, 50% cytotoxic concentration.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 28, pp. 24581–24592, July 15, 2011
Author’s Choice © 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

JULY 15, 2011 • VOLUME 286 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 24581



ronment between the target cells rather than limitations in the
PR mutant.
The characteristic cone-shaped HIV core is formed exclu-

sively from CA molecules that initially arrange into a dense
hexagonal lattice of uncleaved CA-SP1 subunits (19). In this
immature conformation, CA hexamers are stabilized from
“below” by SP1 bundles (20). Ultimately, proteolysis at the
CA-SP1 junction enables the densely packed CA subunits to
rearrange into distinct CA hexamers, which then polymerize
into a stable mature HIV core lattice. In addition, this morpho-
logical transition prepares the HIV core for postentry events by
exposing local motifs in CA to interacting host factors within
the infected cell (21).
Three-dimensional analysis of released virus particles has

revealed that the number of Gag molecules is double the num-
ber of CA molecules needed for formation of the cone-shaped
capsid shell, indicating that �50% of CA in the mature virion
may not be part of the capsid (22). High resolution images of
mature retroviral cores show a range of core polymorphisms,
which include amorphous shapes, multiple and nested cores,
and incompletely closed shells, suggesting that viable retroviral
cores do not have a uniquely specified structure; rather a range
ofCA structuresmay be acceptable (23).Moreover, thin section
electron microscopy (EM) analysis reveals that virus particles
with minor amounts of intermediate Gag cleavage products
do not appear to block maturation because the cone-shaped
core is present in most particles. However, subtle alterations
in virion morphology that are not easily detected by EMmay
be functionally relevant (5). Consequently, RTV-resistant
HIV particles might contain intact cores that assume a defec-
tive structure because of uncleaved CA-SP1, thereby pre-
cluding uncoating in thymocytes that lack the appropriate
CA-interacting host factors.
In this report, we confirm that uncleaved CA-SP1 severely

impairs RTV-resistant HIV replication in thymocytes and
nonactivated T cells and that activation of T cells dramati-
cally reverses this defect. The PR mutant is arrested at the
postentry stage of uncoating in nonactivated cells, and this
defect presented an opportunity for identification of host
factors that rescue RTV-resistant HIV replication. Thus, we
designed a genetic screen so that expression of a given host
factor would lead directly to its discovery by virtue of its
ability to rescue a fluorescent RTV-resistant reporter virus.
Using the PR mutant fluorescent reporter, we sought to
identify host factors with the greatest positive effect on HIV
replication by sorting the most brightly fluorescent infected
cells. Through this screen, we identified the cellular heat
shock protein 90 kDa � (cytosolic), class B member 1
(HSP90AB1) as a factor that independently rescues RTV-
resistant HIV replication. Moreover, we show that pharma-
cologic inhibition and RNA interference of HSP90AB1
blocks HIV replication in primary human T cells, underscor-
ing the advantage of screening for HIV-interacting host
proteins that promote virus replication. The ability of
HSP90AB1 to rescue RTV-resistant HIV suggests that this
host factor is involved in early postentry virus replication
possibly by interacting with the HIV CA protein and repre-
sents a novel target for new antiviral therapies.

EXPERIMENTAL PROCEDURES

Cells and Viruses—293T and P4-Magi cell lines were cul-
tured at 37 °C in Dulbecco’s modified Eagle’s medium
(HyClone) supplemented with 10% fetal bovine serum (FBS)
(HyClone), and Jurkat E6-1, Jurkat E6-1 CypA�/�, CEM T4,
and Sup T1 were cultured at 37 °C in RPMI 1640 medium
(Invitrogen) supplemented with 10% FBS. All cell lines were
obtained from the National Institutes of Health AIDS Research
and Reference Reagent Program. PBMC were obtained from
six HIV-seronegative donors and maintained in RPMI 1640
medium supplemented with 10% FBS, 1 �g/ml PHA-P (Invit-
rogen), and 5% human IL-2 (Roche Applied Science) for 3 days
before inoculation. The infectiousHIV proviral DNA construct
pNL4-3 was used in all studies, and the I54V, V82A, and A71V
mutations in HIV PR and A431V in the NC-SP2 cleavage junc-
tion were generated by oligonucleotide-directed single strand
mutagenesis. Briefly, the Gag-Pol region of pNL4-3 was excised
using the SwaI restriction endonuclease and cloned into the
pBluescript cloning vector (Stratagene). The I54V, A71V, and
V82A mutations were created individually or in combination
within the protease gene using the QuikChange II site-directed
mutagenesis kit (Stratagene), and similarly, the A431V muta-
tionwas introduced in theNC-SP2 cleavage junction. Allmuta-
tions were verified by sequencing. The respective mutations
were rebuilt into the parental NL4-3 by transferring the SpeI-
Age I fragment from the intermediate cloning vector. Thewild-
type (WT) HIV-RFP and HIV PRI54V/V82A-RFP fluorescent
reporter virus constructs were created by inserting the coding
sequence of dTomato red fluorescent protein (RFP) (24)
between the env and nef regions of pNL4-3. Initially, the
BamHI-KpnI fragment was excised from pNL4-3 and cloned
into the pBluescript vector. The end of gp41 gene was amplified
by PCR to generate a BglII recognition site at the 3�-end of the
amplicon, and the start of the nef gene was amplified with
primers terminating the PCR product in a KpnI recognition
sequence. The RFP coding sequence was excised from
dTomato by first digesting with EcoRI and subsequently blunt-
ing the 3�-end with mung bean nuclease. The 5�-start of RFP
was digested with BamHI and ligated to the 3�-end of the gp41
PCR product, and the 3�-end of RFP was blunt end-ligated to
the 5�-start of the nef gene PCR product. The three-piece liga-
tion product was excised from the intermediate pBluescript
cloning vector and rebuilt into the parental NL4-3 clone to
produce an infectiousmolecular clone with the RFP open read-
ing frame beginning 14 nucleotides downstream of the gp41
termination codon and ending one nucleotide upstream of the
nef initiation sequence. The lentiviral green fluorescent pro-
tein (GFP) reporter system was used for VSV-G pseudotyping
experiments as described previously (25). The I54V and V82A
PRmutations were introduced in the psPAX2 Gag-Pol packag-
ing construct by site-directed mutagenesis, and recombinant
virus particles were generated by transient transfection in 293T
cells using calcium phosphate (Invitrogen). The VSV-G enve-
lope was derived from the pMD2G plasmid, and the HIV Env
was derived from the pDOL construct (National Institutes of
Health AIDS Research and Reference Reagent Program). Vec-
tor combinations used to generate virus particles included
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cotransfecting 3 �g of each envelope plasmid, 8 �g of the pack-
aging plasmid with and without the PRmutations, and 10 �g of
the GFP reporter plasmid. Two days after transfection, the cul-
ture medium was clarified by filtration (0.45 �m) and frozen in
aliquots under liquid nitrogen. The virus stocks were titrated as
described in the following section.
HIV Stock Virus Preparation and Titration—All mutant and

WT virus stocks were generated by transient transfection of
293T cells using Lipofectamine 2000 (Invitrogen). Two days
after transfection, the culturemediumwas clarified by filtration
(0.45 �m) and frozen in aliquots under liquid nitrogen. 50%
tissue culture infectious doses (TCID50) were determined with
serial half-log dilutions of each virus stock in quadruplicate
wells of PHA-activated PBMC (1 � 105 cells/well) and calcu-
lated as a reciprocal of the dilution at which 50% of the wells
contained detectable (�50 pg/ml) HIV p24measured by ELISA
(PerkinElmer Life Sciences).
Western Blot Analysis—Virus particles were concentrated

from clarified culturemedium by ultracentrifugation through a
20% sucrose cushion in phosphate-buffered saline (PBS) at
130,000 � g for 2 h at 4 °C. The pellet was slowly dissolved in
Laemmli loading buffer (Sigma). High molecular weight viral
proteins were separated on 8–20% linear gradient polyacryl-
amide gels, and smaller viral proteinswere resolved on15%gels.
The viral proteins were electroblotted onto Immobilon PVDF
membrane (Millipore) and incubated individually with specific
primary antibodies. The following primary antibodies were
obtained from theAIDSReagent Program:CA (catalog number
6521), MA (catalog number 4811), reverse transcriptase (RT)
(catalog number 11338), integrase (IN) (catalog number 7374),
PR (catalog number 4105), Nef (catalog number 709), Vif (cat-
alog number 6459), Vpr (catalog number 3951), gp120 (catalog
number 2343), and gp41 (catalog number 7623). The NC and
p6 primary antibodies were obtained from the National Cancer
Institute AIDS Vaccine Program. Peroxidase-conjugated sec-
ondary antibodies (Pierce) were used, and immune complexes
were visualized by enhanced chemiluminescence (Pierce).
In Vitro Infectivity Assay—P4-Magi indicator cells were

seeded in a 12-well plate and inoculated at a multiplicity of
infection (m.o.i.) of 0.005 withWT andmutant stock viruses.
At 48 h after inoculation, cells were stained with 5-bromo-
4-chloro-3-indolyl-�-D-galactopyranoside to detect infected
cells, and the percentage of blue cells was determined
microscopically.
In Vivo Infectivity Assay—Implantation of fragments of

human fetal thymus and liver under the kidney capsule to cre-
ate SCID-hu Thy/Liv mice and inoculation of the Thy/Liv
implants with HIVwere carried out as described previously (6).
Implantedmicewere inoculatedwith 1,000TCID50 ofHIV, and
Thy/Liv implantswere collected after 21 days and processed for
viral RNA quantification by branched DNA assay and p24
ELISA. Protocolswere approved by theUniversity ofCalifornia,
San Francisco Institutional Animal Care and Use Committee.
Infectivity Assay in Activated Cells—Jurkat E6-1 cells were

treated with increasing concentrations of phorbol 12-myristate
13-acetate (Sigma) for 24 h. Cells were resuspended in fresh
growth medium, inoculated with stock virus at an m.o.i. of
0.005, and cultured for 12 days. Culture supernatant was

assayed every 2 days for HIV p24 by ELISA. Additionally, Jurkat
E6-1 cellswere activatedwithCD3- andCD28-coatedmagnetic
beads as recommended by the manufacturer (Dynal) for 24 h.
Cells were resuspended in fresh growth medium, inoculated
with stock virus at an m.o.i. of 0.005, and cultured for 8 days.
Culture supernatant was assayed for HIV p24 by ELISA.
Virus-Cell Fusion Assay—The BlaM-Vpr HIV fusion assay

was performed as described previously (26). WT HIV-BlaM-
Vpr and HIV PRI54V/V82A-BlaM-Vpr chimeric viruses were
produced by triple transfection of 293T cells, titrated, and used
to inoculate Jurkat E6-1 cells at a range ofm.o.i. values for 2 h at
37 °C. Cells were then loaded with the CCF2-AM fluorogenic
substrate (Invitrogen) overnight at room temperature. Cells
were centrifuged and resuspended in PBS. The extent of virus-
cell fusion was determined by fluorescence of the cleaved
CCF2-AM using a three-laser BD FACSAria system (BD
Biosciences).
Quantitative Assay for Intracellular HIV Reverse Trans-

cription—WT HIV and HIV PRI54V/V82A virus stocks pre-
treated with DNase I and 10 mM MgCl2 for 1 h to remove con-
taminating plasmid DNA were used to inoculate Jurkat E6-1
cells at an m.o.i. of 0.005. Cells were collected at intervals after
inoculation, and total cellular DNA was extracted with the
DNeasy kit (Qiagen). The extent of proviral DNA synthesis was
quantified by real time PCR using the RU5 primers and probe
set to detect early reverse transcripts and the MH531-MH532
primers and LTR-P probe to detect full-length proviral DNA as
described previously (27, 28). Reaction mixtures included the
Ex Taqmastermix (TaKaRa), 100 ng of DNA, a 200 nM concen-
tration of each primer, and a 100 nM concentration of probe.
Thermal cycling conditions were 2 min at 50 °C, 10 min at
95 °C, and 40 cycles of 95 °C for 15 s and 60 °C for 60 s. Control
Jurkat E6-1 cells were pretreated with 50 �M azidothymidine
for 4 h before inoculation.
Endogenous Reverse Transcriptase Assay and Total Viral

RNA Content—WT HIV and HIV PRI54V/V82A virus (500
TCID50)were pretreatedwithDNase I and 10mMMgCl2 for 1 h
to remove contaminating plasmid DNA and concentrated as
described above. The concentrated virus was resuspended in 10
�l of PBS and dilutedwith 40�l of endogenous RTbuffer (5mM

MgCl2; 50 mM NaCl; 10 mM dithiothreitol; 0.5 mM dATP,
dCTP, and dGTP; 50 mM Tris (pH 8); 0.015% Triton X-100; 10
�M [�-32P]TTP). The reaction mixtures were incubated at
37 °C for 30 min and terminated with 0.5% SDS and 25 mM

EDTA. Samples were spotted on DE81 filters, washed three
times in 2� SSC, and dried, and 32P was quantified by liquid
scintillation counting. Control sampleswere treatedwith 25�M

nevirapine. Total RNA was extracted from the same concen-
trated virus samples using the QIAmp Viral RNA kit (Qiagen),
dissolved in an ice-cold solution of 10 mM NaOH and 1 mM

EDTA, and spotted on a nitrocellulose membrane. The mem-
brane was prehybridized overnight at 42 °C in hybridization
buffer (50% formamide, 5� SSC, 1� Denhardt’s solution, 50
mM NaHPO4 (pH 6.5), 250 �g/ml denatured salmon sperm
DNA) followed by incubation with a random primed HIV-spe-
cific 32P-labeled probe (Stratagene) at 42 °C for 16 h. Themem-
brane was washed three times in 2� SSC and dried, and the
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amount of hybridized probe was measured by liquid scintilla-
tion counting.
Construction of Retroviral cDNA Expression Library—Total

RNAwas extracted fromCD3- andCD28-activated Jurkat E6-1
cells using the RNeasy kit (Qiagen) and subjected to consecu-
tive rounds of mRNA purification using the Oligotex mRNA
purification kit (Qiagen). First strand synthesis was carried out
on 5 �g of purified mRNA using a hybrid XhoI-oligo(dT)
primer (Stratagene), and the resulting cDNAshad 5�-EcoRI and
3�-XhoI cohesive ends for directional ligation into the retroviral
vector. The retroviral cDNA expression library was con-
structed using the pFB retroviral vector (Stratagene), and the
multiple cloning region was replaced with a PCR fragment
containing a Kozak sequence, ATG start codon, and FLAG
tag sequence followed by the EcoRI and XhoI recognition
sequences. Two additional constructswere generated by insert-
ing A and AA nucleotides immediately before the EcoRI site to
ensure in-frame expression of the cDNA library. The coding
sequence for the GFP derived from pAcGFP1-1 (Clontech) was
inserted into themodified pFB vector using the EcoRI andXhoI
sites and served as a stuffer fragment to reduce the background
of parental vector in the cDNA library. Furthermore, the mod-
ified pFB-GFP construct was used as a reference virus to calcu-
late the titer of the retroviral cDNA expression library (29). The
cDNA was ligated directionally into the modified pFB plasmid
by replacing the stuffer fragment, and the reaction products
were used to transform XL-10 GOLD Escherichia coli (Strata-
gene) by electroporation. The bacterial colonies were amplified
in semisolid 2�LB-agarose (Stratagene) to reduce the potential
for underrepresentation of particular clones due to overgrowth
of faster growing colonies.
Production and Titration of Retroviral cDNA Expression

Library—To generate a library of transducing viruses, 20 �g
of the pFB cDNA expression plasmid was transiently trans-
fected into the AmphoPack-293 packaging cell line (Clon-
tech) using Lipofectamine 2000 (Invitrogen). The culture
supernatant was harvested 48 h after transfection, clarified
by low speed centrifugation, and filtered (0.2 �m), and ali-
quots were stored under liquid nitrogen. Because the pFB
transducing vector does not carry a reporter, the titer of the
retroviral cDNA expression library was determined by a one-
step quantitative RT-PCR using a calibrated RNA standard
curve generated with the pFB-GFP reference virus. The
m.o.i. of the pFB-GFP virus was determined by flow cytom-
etry, and the titer of the retroviral cDNA-expressing library
was normalized to the RNA titer of the reference GFP-trans-
ducing virus (30).
Genetic Screen—Jurkat E6-1 cells were transduced with the

cDNA-expressing retroviral library at an m.o.i. of 0.1 in multi-
ple sets to ensure even representation of the cDNA library and
cultured for 24 h. Transduced cells were inoculated with the
HIV PRI54V/V82A-RFP reporter virus at an m.o.i. of 0.05
and cultured for an additional 24 h. Cells were resuspended in
PBS, and red fluorescent cells were sorted on a FACSVantage
DiVa cell sorting system (BD Biosciences). The RFP-sorted
cells were examinedmicroscopically to confirm that all the cells
expressed red fluorescence, and total cellular DNA was
extracted with the DNeasy kit (Qiagen). The cDNA insert was

recovered by PCR amplification using primers specific to the
modified retroviral vector that flanked the cDNA sequence.
The extracted cDNAs were recloned into the modified pFB
vector and subjected to a second round of selection where only
cells with a high red fluorescence were sorted (0.01–0.1% of
total RFP-positive cells) after which cDNA inserts were ampli-
fied using a reduced number of PCR cycles to ensure even rep-
resentation of each individual cDNA. PCR products were
recloned into the modified pFB retroviral vector plasmid, bac-
terial colonies representing single cDNAs were picked, and
transducing retroviral particles were generated individually as
described above. Jurkat E6-1 cells were transduced at an m.o.i.
of 0.1 with individual cDNA-expressing retroviral particles and
then inoculated with the HIV PRI54V/V82A-RFP reporter
virus as described above. The cells were assayed 24 h after inoc-
ulation by flow cytometry, and cDNA clones that supported
replication of the RTV-resistant reporter virus were identified
by expression of theRFP in infected cells. TheDNAsequence of
selected cDNA clones was aligned with the NCBI Human
Genome Project database using the BLAST human sequence
search engine.
Cloning and Expression of HSP90AB1—The full-length pro-

tein-coding sequence of HSP90AB1 was PCR-amplified from
the cDNA clone isolated through the genetic screen and
inserted immediately downstream of the FLAG sequence in
the pFB retroviral expression vector (Stratagene). In addi-
tion, the E42A and D88A mutations (31) were introduced in
the native HSP90AB1 sequence by oligonucleotide-directed
single strand mutagenesis. Transducing retrovirus stocks
carrying the native andmutant HSP90AB1 cDNAs were gen-
erated and titrated as described above. Jurkat E6-1 cells were
transduced with the cDNA-expressing retrovirus at an m.o.i.
of 0.1 and cultured for 24 h. The pFB-GFP reference virus
was included as a negative control and used to determine
recombinant protein expression. A fraction of the cells were
resuspended in fresh growth medium, inoculated with WT
and mutant stock viruses at an m.o.i. of 0.005, and cultured
for 8 days. Culture supernatant was assayed for HIV p24 by
ELISA. The remaining cells were lysed in CelLytic M solu-
tion (Sigma), and recombinant proteins were immunopre-
cipitated using anti-FLAGM2 affinity gel (Sigma). Immuno-
precipitated protein from an equal number of transduced
cells was separated on a 10% polyacrylamide gel matrix and
subjected to Western blot analysis using the anti-FLAG
M5 clone antibody (Sigma) and anti-HSP90AB1 antibody
(Abcam) as described above. The endogenous expression
level of HSP90AB1 was assayed on 10 �g of protein extracted
from nonactivated and CD3- and CD28-activated Jurkat
E6-1 cells. Cellular HSP90AB1 protein levels were quantified
on aTyphoonTrio imager (GEHealthcare). Equal protein load-
ing was confirmed by probing for actin (Abcam).
In Vitro Antiviral Activity Assay—Antiviral activity of 17-(al-

lylamino)-17-demethoxygeldanamycin (Sigma) was assayed in
PHA-activated PBMC as described previously (32). Briefly,
PBMC were inoculated in bulk with each virus at an m.o.i. of
0.001 for 2 h, cells were washed, and 1� 105 cells in 100�l were
seeded in triplicate wells of a 96-well plate. Wells were treated
with 100 �l of serial half-log dilutions of the drug or with
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medium alone, and supernatants were assayed at day 7 for p24
by ELISA. Parallel cellular toxicity of the drug was determined
on uninfected cells by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay (Sigma) on day 7. The 50% inhi-
bition of virus replication (IC50) and 50% cytotoxic concentra-
tion (CC50) were calculated as the mean of three independent
assays. Similarly, the antiviral activity of an siRNA against
HSP90AB1 was assayed. The sense and antisense strands of the
siRNA were synthesized separately (Integrated DNA Technol-
ogies) with the following modifications: HSP90AB1 sense,
5-UUCAGGGCAUUGCUAUUUAdT*dT*-3; HSP90AB1
antisense, 5-UAAAUAGCAAUGCCCUGAAdT*dT*chol-3;
scrambled sense, 5-GGUUAUAAUUUCGUUCGACdT*dT-
*-3; scrambled antisense, 5-GUCGAACGAAAUUAUAA-
CCdT*dT*chol-3. * designates substitution of the phosphodi-
ester bond with a phosphorothioate bond, and chol indicates
cholesterol conjugation. The two RNA strands were annealed
in equimolar amounts, andWTHIV- and HIV PRI54V/V82A-
infected PBMC were treated with quarter-log dilutions of the
siRNA duplex. Inhibition of viral replication and cellular toxic-
ity were assayed after 7 days, and results represent the mean of
three independent assays.

RESULTS

RTV Resistance Affects Cleavage Efficiency of HIV Protease—
Sequential cleavage of the Gag polyprotein by HIV PR occurs
during virusmaturation and is essential for infectious virus par-
ticle formation (Fig. 1A). In our previous report, HIV gag and
pol sequences isolated from patients receiving RTV (and other
PR inhibitor) monotherapy revealed that the I54V and V82A
drug resistance mutations in HIV PR led to decreased viral fit-
ness. We introduced the I54V and V82A mutations into the
PR-coding sequence of the NL4-3 clone of HIV and analyzed
individual viral proteins by Western blot. Cleavage of the MA
and p6 proteins was not affected by the RTV-resistant HIV PR;
however, a significant reduction in cleavage at the CA-SP1 and
NC-SP2 junctions was observed in the presence of both PR
mutations (Fig. 1B).
In vivo resistance to RTV occurs sequentially with the V82A

primary mutation located in the PR active site frequently pre-
ceding the I54V secondary mutation (33). This combination
confers greater resistance to RTV in vivo but decreases the in
vitro activity of HIV PR. Eventually, resistance to RTV in vivo
results from compensatory mutations within HIV PR and in

FIGURE 1. Impaired replication of RTV-resistant HIV results from uncleaved CA-SP1. A, schematic of the protein domain organization in the HIV Gag
polyprotein precursor. Proteolytic cleavage of the Gag polyprotein during HIV maturation results in the MA (p17), CA (p24), NC (p7), and p6 proteins. B, Western
blot analysis of Gag cleavage products from purified WT HIV and mutant virus particles carrying the indicated RTV resistance mutations in the protease. The
right panel shows PR mutant virus particles including compensatory substitutions in the NC-SP2 cleavage junction and the A71V mutation in HIV protease.
Insufficient cleavage of Gag is indicated by the presence of p25 (CA-SP1) and p8 (NC-SP2) protein bands. The Western blot is representative of three inde-
pendent purified virus preparations. C, Western blot analysis of Pol polyprotein and Nef precursor protein cleavage products from wild-type and RTV-resistant
HIV particles. Complete cleavage of the Pol polyprotein is indicated by mature RT, IN, and PR proteins. Molecular mass of mature viral proteins is indicated on
the left, and the panel is representative of three independent purified virus preparations. D, triplicate wells of P4-Magi cells were inoculated with each virus at
an m.o.i. of 0.005 and stained for �-galactosidase activity after 48 h. The columns represent mean number of infected blue cells from four (open circles)
independent experiments. E, SCID-hu Thy/Liv mice were inoculated with 1,000 TCID50 of each virus, and Thy/Liv implants were collected 21 days after
inoculation. Viral replication was assessed by branched DNA assay for HIV RNA and by ELISA for p24. The columns represent means, and open circles represent
individual animals from the same cohort.
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Gag target sites to counteract reduced activity of themutant PR
(34, 35). We introduced the naturally occurring A431V com-
pensatory mutation into the NC-SP2 cleavage junction (1); this
facilitated cleavage of NC-SP2 but did not alter partial cleavage
at the CA-SP1 junction by the RTV-resistant HIV PR. Further-
more, we introduced an additional substitution in PR (A71V)
commonly observed in patients failing RTV monotherapy (36)
and showed that this substitution restored enzymatic activity to
the RTV-resistant PR at both the CA-SP1 and NC-SP2 junc-
tions (Fig. 1B). The HIV PR is also responsible for cleavage of
the Gag-Pol polyprotein and Nef precursor protein, and we
confirmed that the I54V and V82A PR substitutions did not
affect proteolysis of these additional substrates (Fig. 1C).
Uncleaved CA-SP1 (p25) but Not Uncleaved NC-SP2 (p8)

Impairs RTV-resistant HIV—To determine whether insuffi-
cient cleavage of CA-SP1 and NC-SP2 affected replication of
RTV-resistant HIV, we challenged P4-Magi indicator cells with
the different PR mutants at equal m.o.i. values (Fig. 1D). The
I54V PR mutation alone did not affect virus replication,
whereas significant replication impairment was observed with
the V82Amutation. The combined effect of I54V and V82A PR
mutations severely impaired RTV-resistant HIV replication.
The NC-SP2 compensatory substitution did not rescue infec-
tivity of the PR mutant, however, suggesting that uncleaved
CA-SP1, but not NC-SP2, impairs replication of RTV-resistant
HIV. The compensatory A71V PR substitution rescued infec-
tivity of RTV-resistant HIV, confirming that RTV resistance
impacts virus replication.
More importantly, we confirmed impaired replication of

RTV-resistant HIV in human thymus implants of SCID-hu
Thy/Liv mice. We inoculated SCID-hu Thy/Liv mice with
1,000 TCID50 of each virus. The Thy/Liv implants were col-
lected 21 days after inoculation for quantification of HIV RNA
by branched DNA assay and p24 by ELISA. The in vivo pattern
of RTV-resistant HIV replication was similar to that seen in
vitro: the combination of I54V and V82A PR mutations
impaired replication of RTV-resistant HIV (HIV PRI54V/
V82A) in human thymocytes, and compensatory cleavage of
NC-SP2 did not rescue infectivity of the PR mutant (Fig. 1E).
Taken together, our results indicate that the presence of

uncleavedCA-SP1 is the primary cause for impaired replication
of RTV-resistant HIV in human thymocytes. This defect, how-
ever, does not adversely affect RTV-resistantHIV replication in
activated peripheral T cells. We speculate that, as a result of
uncleavedCA-SP1, the RTV-resistantHIV core lattice assumes
an alternate conformation that cannot undergo proper uncoat-
ing in thymocytes. If so, host factors up-regulated in activated
cells may make the difference between the presence and the
absence of efficient viral replication.
Impaired Replication of RTV-resistant HIV Is Rescued by Cel-

lular Activation—Our earlier studies indicated that expression
of specific host factors in PHA-activated PBMC rescued the
impaired replication of RTV-resistant HIV. To validate this
hypothesis, we screened CD4� T cell lines for their ability to
show a differential capacity to support PR mutant virus repli-
cation in the presence or absence of activation. At base line,
Jurkat T cells failed to support HIV PRI54V/V82A virus repli-
cation when inoculated at the same m.o.i. as that of WT HIV.

Replication of this PR mutant was supported when Jurkat T
cells were first activated with phorbol 12-myristate 13-acetate,
and the amount of replication increased in a dose-dependent
manner (Fig. 2A). Replication of theHIVPRI54V/V82Amutant
increased dramatically in response to phorbol 12-myristate
13-acetate activation, indicating a direct influence of select host
factors on replication of RTV-resistant HIV.We confirmed the
role of activation on RTV-resistant HIV replication by activat-
ing Jurkat T cells through the T cell receptor using a mixture of
antibodies against CD3 and CD28 (Fig. 2B). In addition, activa-
tion of CEM T4 cells, Sup T1 cells, and human PBMC specifi-
cally through T cell receptor-ligand binding effectively rescued
RTV-resistant HIV replication (Fig. 2C). These results confirm
that host factors unique to activated humanT cells override the
transdominant negative effects of uncleaved CA-SP1 and facil-
itate replication of RTV-resistant HIV.
Replication of RTV-resistant HIV Is Arrested after Entry

and before Reverse Transcription—To determine whether
uncleaved CA-SP1 prevented fusion of the RTV-resistant virus
to the target cell, we inoculated nonactivated Jurkat T cells with
HIV PRI54V/V82A-BlaM-Vpr chimeric virus using a fluores-
cence fusion assay (26). In comparison with WT HIV-BlaM-
Vpr chimeric virus, we did not observe fusion defects, suggest-
ing that replication of RTV-resistant virus is impaired at a
postentry stage of the virus life cycle (Fig. 2D). We also inocu-
lated Jurkat T cells with WT HIV and HIV PRI54V/V82A and
quantified early and late proviral reverse transcripts over a 24-h
time course by real timePCR.The absence of both early and late
RTV-resistant proviral transcripts in nonactivated Jurkat T
cells suggested that RTV-resistant HIV infection was arrested
soon after entry, most likely during uncoating (Fig. 2E).
However, full-length RTV-resistant proviral transcripts were
detected in CD3- and CD28-activated Jurkat T cells (Fig. 2E),
indicating functional reverse transcription by the PRmutant. In
addition, HIV PRI54V/V82A virus was tested for endogenous
RT activity and the ability to package viral genomic RNA. No
significant differences in RT activity or viral RNA content were
observed (Table 1), confirming that RTV-resistant HIV is not
defective in RNA packaging or formation of a functional ribo-
nucleoprotein-RT complex within the virion. Taken together,
these results suggest that defective uncoating of RTV-resistant
HIV cores in nonactivated T cells precludes reverse transcrip-
tion of proviral DNA, resulting in dead-end infection. In con-
trast, cellular activation provides appropriate host factors that
facilitate uncoating of the PRmutant virus core, leading to pro-
ductive proviral DNA synthesis of RTV-resistant HIV.
Pseudotyping of RTV-resistant HIV Does Not Rescue

Impaired Replication—Infectivity of HIV can be influenced by
the route of entry, and pseudotyping with envelope proteins
from other viruses (e.g. VSV-G) enables some mutant virus to
bypass early postentry blocks (37). Using GFP reporter viruses,
RTV-resistantHIVwas targeted for alternate entry through the
endosomal pathway by pseudotyping with the VSV-G enve-
lope, but this failed to rescue infectivity toRTV-resistantHIV in
nonactivated Jurkat T cells (Fig. 3A). The pseudotyped RTV-
resistant HIV, however, responded predictably to cellular acti-
vation (Fig. 3A). In addition, we inoculated nonactivated Jurkat
T cells with PR mutant at increasing m.o.i. values to determine
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whether host restriction factors are responsible for impaired
replication of RTV-resistant HIV. A common feature of retro-
viral postentry blocks is that host restriction factors can be sat-
urated by virus overload (38), but increasing the m.o.i. to 0.1
(equivalent to 500 ng of p24) did not rescue RTV-resistant HIV
replication in nonactivated Jurkat T cells (Fig. 3B).
CypA Does Not Rescue Replication of RTV-resistant HIV in

Activated T Cells—To determine whether overexpression of
CypA contributed to the rescue of RTV-resistant HIV in acti-
vated T cells, we activated CypA-null Jurkat T cells (CypA�/�)
(39) with antibodies against CD3 and CD28 and then inocu-
lated the cells with RTV-resistant HIV. Replication of the PR
mutant in CD3- and CD28-activated CypA�/� Jurkat T cells

was comparable with levels observed in activated Jurkat T cells,
indicating that the necessary host factor is not CypA (Fig. 3C).
Cellular Activation Does Not Repair Maturation Defect of

RTV-resistant HIV—In addition, we observed that cellular acti-
vation did not enhance maturation of RTV-resistant HIV by
facilitating CA-SP1 cleavage in virus particles released from
activated Jurkat T cells. We inoculated CD3- and CD28-acti-
vated JurkatT cellswithRTV-resistantHIV andharvested virus
particles from the culture supernatant.Western blot analysis of
the RTV-resistant HIV proteins confirmed that virus particles
released from activated T cells contained uncleaved CA-SP1
and NC-SP2 subunits (Fig. 3D) that were unable to infect non-
activated Jurkat T cells.
Genetic Screen to Identify HIV-interacting Host Factors—

Given the above evidence, we reasoned that host factors
expressed in activated T cells interact with the uncleaved
CA-SP1 subunit to rescue RTV-resistant HIV replication. To
identify such factors, we designed a genetic screen using a
cDNA library generated fromCD3- and CD28-activated Jurkat
T cells (Fig. 4A). The cDNA library was introduced into nonac-
tivated Jurkat T cells using a modified retroviral vector, and
transduced cells were then inoculated with RTV-resistant HIV
carrying the gene for RFP inserted into the viral RNA genome
such that expression of the reporter would occur only upon

FIGURE 2. Cellular activation rescues impaired replication of RTV-resistant HIV. A, Jurkat E6-1 cells treated with increasing concentrations of phorbol
12-myristate 13-acetate (PMA) for 24 h were inoculated at an m.o.i. of 0.005. The cells were cultured for 12 days, and results represent mean supernatant HIV p24
levels �S.E. (error bars) from six independent experiments. B, Jurkat E6-1 cells were activated with a mixture of CD3 and CD28 antibodies for 24 h, inoculated
at an m.o.i. of 0.005, and cultured for 8 days. The columns represent mean supernatant HIV p24 levels from four (open circles) independent experiments. C, CEM T4,
Sup T1, and PBMC were activated with a mixture of CD3 and CD28 antibodies for 24 h, inoculated at an m.o.i. of 0.005, and cultured for 8 days. The columns represent
mean supernatant HIV p24 levels from four (open circles) independent experiments. D, wild-type HIV-BlaM-Vpr and HIV PRI54V/V82A-BlaM-Vpr chimeric viruses at a
range of m.o.i. values were used to inoculate nonactivated Jurkat E6-1 cells for detection of CCF2 substrate cleavage by flow cytometry. Each m.o.i. was analyzed in
triplicate, and the columns represent mean percentage of cleaved CCF2 from six (open circles) independent experiments. E, activated and nonactivated Jurkat E6-1 cells
were inoculated at an m.o.i. of 0.005, and cellular DNA was extracted over a 24-h period. Early and late proviral reverse transcripts were quantified by TaqMan real time
PCR in triplicate, and the results represent mean � S.E. (error bars) of six independent experiments. AZT, azidothymidine.

TABLE 1
RT activity is expressed as counts/25 �l of spotted reaction mixture.
Results represent the mean � S.E. of six independent RT assays. Viral
RNA content was calculated from four independent RNA extractions,
and results represent the mean � S.E. of eight spots (two per sample)

Virus
Endogenous
RT activity Viral RNA content

cpm � 104/500 TCID50 cpm � 102/500 TCID50

Wild-type HIV 2,204 � 271 387 � 56
HIV PRI54V/V82A 1,626 � 678 426 � 84
Wild-type HIV � nevirapine 75 � 26 Not determined
HIV PRI54V/V82A � nevirapine 113 � 18 Not determined
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productive infection and integration of RTV-resistant HIV.We
predicted that transduced Jurkat T cells that supported produc-
tive infection of the RTV-resistant RFP HIV would express a
permissive host factor encoded by the unique cDNA present in
the infected cell. Infected cells with high RFP expression (i.e.
those enabling integration and replication of RTV-resistant
HIV) were enriched by fluorescence-activated cell sorting
(FACS), and the cDNA responsible for rescue of the replica-
tion-impaired RTV-resistant RFP reporter virus was extracted
and further characterized.
TheWTandPRmutant reporter viruseswere constructed so

that the highly sensitive RFPwould be expressed independently
of the viral Nef protein in infected cells, and the presence of the
reporter gene did not affect virus particle formation (Fig. 4B).
Bright red fluorescence was detected 12–18 h after inoculation
with the WT HIV-RFP reporter virus, and we were able to
reproduce the CD3 and CD28 antibody activation-dependent
rescue of RTV-resistant HIV with the HIV PRI54V/V82A-RFP
virus. The cDNA library was constructed for directional gene
expression under control of the retroviral promoter, and
expressed host factor proteins were preceded by an N-terminal
FLAG tag. The high complexity retrovirus-based cDNA library
was transfected into an amphotropic packaging cell line to gen-
erate a high titer transducing virus stock. The recombinant
virus stock was used to transduce nonactivated Jurkat T cells at
a low m.o.i. of 0.1 to limit the number of cDNAs expressed in
individual cells. We achieved �85% transduction efficiency of
the cDNA library in nonactivated Jurkat T cells and confirmed
protein expression using an anti-FLAG antibody.

Nonactivated Jurkat T cells transduced with the retrovirus-
based cDNA library were cultured briefly to allow adequate
expression of the gene products and then inoculated with the
HIV PRI54V/V82A-RFP virus. Jurkat T cells infected by the PR
mutant reporter virus were sorted for bright red fluorescence
by flow cytometry. The host factor-expressing cDNAs were
PCR-amplified from genomic DNA of the sort-purified Jurkat
T cells using retrovirus-specific primers and subjected to an
additional round of selection in the genetic screen (Fig. 4C).
The second round of screening yielded a greater number of
RTV-resistant HIV-infected red fluorescent cells, and we
sorted the very brightest (0.01–0.1%) RFP-positive cells. Selec-
tion of brightly red fluorescent cells ensured isolation of host
factors that strongly interacted with RTV-resistant HIV and
reduced false-positive events that can occur with routine
manipulation of target cells. Host factor cDNAs were amplified
using a limited number of PCR cycles to ensure even represen-
tation of each clone. The PCR products were recloned into the
modified retroviral vector, and individual bacterial colonies,
representing single cDNA clones, were tested independently
with the HIV PRI54V/V82A-RFP virus. Through the second
round of selection we identified a cDNA clone, which aligned
with the human HSP90AB1 gene (GeneID 3326), that consis-
tently supported RTV-resistant HIV replication when ex-
pressed in nonactivated Jurkat T cells.
Validation of HSP90AB1 in RTV-resistant HIV Replication—

To confirm the influence of HSP90AB1 in RTV-resistant HIV
replication, we generated a full-length expression clone of the
host factor. We also introduced the inactivating E42A and

FIGURE 3. Characteristics of impaired RTV-resistant HIV replication. A, WT HIV-GFP and HIV PRI54V/V82A-GFP reporter viruses at an m.o.i. of 0.1 with
HIV Env and WT HIV-GFP and HIV PRI54V/V82A-GFP reporter viruses at an m.o.i. of 0.01 pseudotyped with VSV-G Env were used to inoculate nonacti-
vated and CD3- and CD28-activated Jurkat E6-1 cells. The columns represent mean GFP fluorescence from four (open circles) independent infection
experiments. B, nonactivated Jurkat E6-1 cells inoculated with HIV PRI54V/V82A virus at increasing m.o.i. values were cultured for 8 days. The columns
represent mean supernatant HIV p24 levels from four (open circles) independent experiments. C, CD3- and CD28-activated Jurkat E6-1 and Jurkat E6-1
CypA�/� cells were inoculated at an m.o.i. of 0.005 and cultured for 8 days. The columns represent mean supernatant HIV p24 levels from four (open
circles) independent experiments. D, Jurkat E6-1 cells were activated with antibodies against CD3 and CD28 for 24 h, inoculated at an m.o.i. of 0.05, and
cultured for 8 days. Virus particles were purified from culture supernatants, and CA and NC viral proteins were detected by Western blot analysis. Results
are representative of three independently purified virus preparations.
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D88A mutations into the native HSP90AB1 sequence to pre-
vent ATP binding and hydrolysis (31). Jurkat T cells transduced
with recombinant retrovirus carrying the native and mutant
forms of HSP90AB1 were inoculated with WT and RTV-resis-
tant HIV, and the extent of virus replication was determined in
relation to HIV replication in CD3- and CD28-activated Jurkat
T cells (Fig. 5A). Replication of RTV-resistant HIV in Jurkat T
cells expressing the native HSP90AB1 protein was comparable
with mutant virus replication in CD3- and CD28-activated
cells, whereas the inactivated mutant form of HSP90AB1 failed
to rescue RTV-resistant HIV replication. Overexpression of
HSP90AB1 in Jurkat T cells did not adversely affect replication
ofWTHIV, and to eliminate the possible influence of retrovirally
mediatedgene transferonRTV-resistantHIVreplication, JurkatT
cells were simultaneously transduced with a GFP-expressing ret-
roviral vector. Furthermore, we immunoprecipitated the FLAG-
tagged recombinantproteins fromanequal numberof transduced
Jurkat T cells to ensure comparable expression of both native and
mutant HSP90AB1 proteins (Fig. 5B).

Cell activation through external stimuli often results in the
overexpression of several cellular proteins, and we accordingly
observed amean 2-fold increase in HSP90AB1 protein produc-
tion in CD3- andCD28-activated Jurkat T cells (Fig. 5C). Taken
together, these results suggest that up-regulation of HSP90AB1
is necessary for RTV-resistant HIV replication.

RTV-resistant HIV Is Hypersensitive to HSP90AB1 Inhibition
in Vitro—The abundant HSP90AB1 chaperone protein medi-
ates conformational maturation of several cellular proteins and
is believed to stabilize deregulated signaling proteins in onco-
genesis. We examined the in vitro antiviral activity of 17-(allyl-
amino)-17-demethoxygeldanamycin, a pharmacologic inhibi-
tor of HSP90AB1 (40) that is currently in clinical trials to treat
metastatic solid tumors and lymphomas (41). 17-(Allylamino)-
17-demethoxygeldanamycin had potent activity against WT
HIV NL4-3 in PHA-activated PBMC, and RTV-resistant HIV
(as predicted by our hypothesis) was hypersensitive to the drug
with amean IC50 7-fold lower than forWTHIV (0.024 versus 0.17
�M, p � 0.05 by paired Student’s t test) (Fig. 6A). We confirmed
that inhibition of HSP90AB1 in activated PBMCdoes indeed pre-
vent HIV replication by using a cholesterol-conjugated siRNA to
knock downHSP90AB1 expression (Fig. 6B).

DISCUSSION

The emergence of drug resistance is not always beneficial
to HIV and sometimes comes at the cost of decreased viral
fitness. In the case of RTV-resistant HIV, the PR mutant has
highly impaired infectivity in thymocytes and nonactivated
T cells (1, 6). Nonetheless, we show here that loss of RTV-
resistant HIV fitness can be rescued in activated T cells,
suggesting that the variation in PR mutant virus replication

FIGURE 4. Strategy of genetic screen. A, schematic of the genetic screen to identify host factors that rescue RTV-resistant HIV replication. B, Western blot
analysis of WT HIV-RFP (R1) and HIV PRI54V/V82A-RFP (R2) reporter virus proteins compared with the protein profile of WT HIV. Defective cleavage of Gag in the
HIV PRI54V/V82A-RFP reporter virus is indicated by the presence of p25 and p8 proteins. Panels represent individual viral proteins of the Pol polyprotein,
accessory gene products, and surface (gp120) and transmembrane (gp41) Env proteins in mature virus particles. Shown are representative data from one of
three independent experiments. C, Jurkat T cells infected with the HIV PRI54V/V82A-RFP reporter virus were sorted by flow cytometry and gated based on the
intensity of red fluorescence. In the second round of FACS, total RFP cells were gated into two populations, and cells with the highest fluorescence intensity
(0.01– 0.1%) were sorted. SSC-A, side scatter area.
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is a result of the target cell environment rather than limita-
tions in the PR mutant. In this study, we used the model of
RTV-resistant HIV replication to identify host factors
expressed in activated T cells that rescue impaired replica-
tion of the PR mutant.
The temporal cleavage of Gag by HIV PR is critical for

virus maturation, and RTV resistance affects cleavage effi-
ciency of mutant PR specifically at the Gag spacer peptide
junctions. As a result, uncleaved CA-SP1 accumulates in
virus particles and impairs RTV-resistant HIV replication in
human thymocytes and nonactivated T cells. A similar rep-
lication defect has been observed with the maturation inhib-
itor bevirimat, which binds to SP1 and prevents CA lattice
formation (42). Bevirimat causes a dose-dependent inhibi-
tion of CA-SP1 cleavage and severely impairs HIV infectivity
in human thymocytes (32). Furthermore, RTV-resistant HIV
is hypersensitive to the maturation inhibitor, indicating that
high levels of uncleaved CA-SP1 in a virus particle adversely
affect its ability to infect target cells.
The short SP1 peptide attached to the C terminus of CA

enables HIV cores to assemble into immature (SP1-present)
or mature (SP1-absent) lattices. The accumulation of un-
cleaved CA-SP1 in virus particles most likely affects stability
of the HIV core structure, which is rapidly degraded in the
infected cell. Alternatively, uncleaved CA-SP1 subunits
might transform the HIV core into an unusually stable struc-
ture that cannot undergo obligatory postentry modifica-
tions. However, cellular activation rescues RTV-resistant
HIV replication, suggesting that the PR mutant is infectious
but in need of specific uncoating factors that are underrep-
resented in human thymocytes and nonactivated T cells. In
contrast, activated cells express unique host factors that
compensate for uncleaved CA-SP1 and rescue RTV-resist-

ant HIV replication. Although defective core stability result-
ing from uncleaved CA-SP1 is the favored explanation for
impaired infectivity of RTV-resistant HIV, we cannot ignore
the possibility that only half of the total CA molecules
assemble into the viral core. Consequently, RTV-resistant
HIV particles may contain an intact core irrespective of
uncleaved CA-SP1. Nevertheless, we show here that the
presence of uncleaved CA-SP1 in virus particles precludes
reverse transcription of the viral genome in thymocytes and
nonactivated T cells and that replication of RTV-resistant
HIV is arrested during the early postentry stage of the virus
life cycle.
The intent of this study was to identify HIV-uncoating host

factors by exploiting this easily reversible model of RTV-resis-
tant HIV replication. A genetic screen was designed on the pre-
mise that RTV-resistant HIV replicates specifically in activated
T cells; therefore, expression of cellular genes from activated T
cells in nonactivated T cells should potentially support RTV-
resistant HIV replication. The search for host factors, carried
out under stringent conditions, revealed that HSP90AB1 can
rescue RTV-resistant HIV replication.
Identification of HSP90AB1 as a potential uncoating host

factor validated our selection strategy and reveals an exciting
avenue of HIV postentry modification by cellular chaper-
ones. Mammalian HSP90AB1 is one of two cytosolic iso-
forms in the heat shock protein 90 family that collectively
regulate cell homeostasis by stabilizing a diverse clientele of
proteins (43). Heat shock protein 90 chaperones in particu-
lar have been linked to replication of several viruses where
they are essential for picornavirus capsid maturation and
activate the viral polymerase complexes of several RNA
viruses (44). A recent study by Vozzolo et al. (45) demon-
strates that heat shock protein 90 interacts with the HIV

FIGURE 5. HSP90AB1 can rescue RTV-resistant replication. A, nonactivated Jurkat E6-1 cells transduced with retrovirus vectors expressing native and mutant
HSP90AB1 and GFP were inoculated with WT and RTV-resistant HIV at an m.o.i. of 0.005. Results are expressed as relative infectivity (%) of WT and RTV-resistant
HIV replication in CD3- and CD28-activated Jurkat T cells and represent mean supernatant HIV p24 levels �S.E. (error bars) for six independent transduction
experiments. B, immunoprecipitation of recombinant proteins from transduced Jurkat E6-1 cells. Equal volumes of resolved proteins were probed with
anti-FLAG- and anti-HSP90AB1-specific antibodies. Results are representative of three independently immunoprecipitated preparations. C, protein lysate from
nonactivated and CD3- and CD28-activated Jurkat E6-1 cells probed with anti-HSP90AB1- and -actin-specific antibodies. Protein levels were quantified on a
Typhoon Trio imager, and the mean � S.E. increase in HSP90AB1 expression in CD3- and CD28-activated Jurkat T cells was 2.0 � 0.5-fold. Results are
representative of three independently prepared cell lysates.
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DNA promoter sequence and regulates viral gene expres-
sion. However, this study also suggests that heat shock pro-
tein 90 is involved in the early postentry stage of HIV repli-
cation. Furthermore, HSP90AB1 is intimately coupled with
the ubiquitin-proteasome pathway, and recent studies indi-
cate that ubiquitin ligases and components of the protea-
some play a structural role in HIV uncoating and reverse
transcription (46). Overall, a link between virus evolution
and chaperone dependence has been hypothesized where
cellular chaperones are proposed to counteract the destabi-
lizing effects of viral capsid mutations that continuously
emerge in response to immune surveillance (47). Such a buff-
ering mechanism would allow for greater flexibility in viral
protein structure. If this is the case, then up-regulation of
HSP90AB1 in activated T cells might compensate for the
transdominant negative effects of uncleaved CA-SP1 and
rescue RTV-resistant replication. Then again, the anti-HIV
effect of 17-(allylamino)-17-demethoxygeldanamycin and
the fact that RTV-resistant HIV is hypersensitive to
HSP90AB1 inhibition suggest an association between the
cellular chaperone and HIV core uncoating.
It remains to be determined whether HSP90AB1 directly

influences HIV uncoating or whether this cellular protein reg-
ulates other host factors required for viral replication. How-
ever, virus-host protein interactions by nature are refractory to

the development of drug resistance and are therefore attractive
targets for antiviral therapy.
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