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The cellular peptidyl-prolyl isomerase cyclophilin A is incorporated into human immunodeficiency virus type
1 virions via contacts with the proline-rich domain of the Gag polyprotein. Cyclosporine A and nonimmuno-
suppressive analogs bind with high affinity to cyclophilin A, compete with Gag for binding to cyclophilin A, and
prevent incorporation of cyclophilin A into virions; in parallel with the disruption of cyclophilin A incorpo-
ration into virions, there is a linear reduction in the initiation of reverse transcription after infection of a T cell.
Passage of human immunodeficiency virus type 1 in the presence of the drug selects one of two mutations,
either of which alters the proline-rich domain of Gag and is sufficient to confer drug resistance on the cloned
wild-type provirus. Neither mutation alters Gag’s cyclophilin A-binding properties in vitro, and cyclophilin A
incorporation into drug-resistant virions is effectively disrupted by cyclosporine A, indicating that the drug-
resistant mutants do not require virion-associated cyclophilin A to initiate infection. That Gag’s functional
dependence on cyclophilin A can be differentiated genetically from its ability to bind cyclophilin A is further
demonstrated by the rescue of a mutation precluding cyclophilin A packaging by a mutation conferring
cyclosporine A resistance. These experiments demonstrate that, in addition to its ability to package cyclophilin
A into virions, gag encodes the functional target of cyclophilin A.

The human immunodeficiency virus type 1 (HIV-1) Gag
polyprotein contains information sufficient for the assembly
and release of enveloped virions (19, 40). It incorporates sev-
eral viral elements into nascent virions, including viral genomic
RNA (22), the envelope glycoprotein (10, 41), and pol-en-
coded enzymes (27, 34). As virions are released from the cell
surface, the Gag polyprotein is cleaved by the viral protease to
produce the matrix protein (MA), which lines the virion enve-
lope; the capsid protein (CA), which forms the core of the
virion; and the nucleocapsid protein (NC), which coats the
genomic RNA. Following membrane fusion with a CD41 cell,
the nucleoprotein core of the virion is released into the cell
cytoplasm. The HIV-1 preintegration complex contains MA
but no detectable CA (7, 11), and HIV-1 MA possesses a
nuclear localization signal which appears to target the prein-
tegration complex to the nucleus via the nuclear pore (6, 15).
During virion assembly, the cellular protein cyclophilin A

(CyPA) is incorporated into HIV-1 virions via contacts with
the proline-rich domain of the Gag polyprotein (13, 26, 37).
The cyclophilins are a large family of peptidyl-prolyl isomer-
ases which are thought to regulate protein folding (16, 18, 35).
CyPA was originally discovered as a result of its high affinity for
the immunosuppressive drug cyclosporine A (CsA) (17). A
requirement for CyPA in a Gag folding pathway or in the
intracellular targeting of a gag-encoded protein is suggested by
the fact that gag mutations and CsA disrupt Gag binding to
CyPA in vitro (23), block CyPA incorporation into virions (13,
37), and inhibit viral replication (4, 5, 20, 28, 37, 38). Virions

rendered CyPA deficient by production in the presence of CsA
or by mutations which disrupt the proline-rich domain of Gag
possess no identifiable biochemical or structural deficits, but
the infectivity of these virions is severely attenuated, with the
block occurring early in the HIV-1 life cycle, at a step following
receptor binding and membrane fusion but preceding reverse
transcription (5, 13, 37). CyPA present in the target cell cannot
rescue the infectivity of CyPA-deficient virions (5, 37), indicat-
ing that CyPA is required either during assembly or, most
likely, within the virion itself.
Although the HIV-1 Gag polyprotein binds to CyPA and

incorporates the cellular protein into virions, the substrate of
this peptidyl-prolyl isomerase has not been identified. The
substrate might be the Gag polyprotein or CA, the Gag poly-
protein cleavage product which retains CyPA-binding activity
(23). Alternatively, the CyPA substrate might be another viral
or cellular protein which is present within the virion.
Passage of cloned HIV-1 in the presence of a CsA analog

selected for mutant virus which is drug resistant. This pheno-
type is conferred by either of two point mutations, each of
which alters the coding sequence of the proline-rich domain of
Gag. Further characterization of the mutant virions indicates
that they are able to replicate in a CyPA-independent fashion.
These results demonstrate that a function encoded by wild-
type HIV-1 gag requires CyPA.

MATERIALS AND METHODS

Plasmid DNAs. Most of the plasmid DNAs used were propagated in Esche-
richia coli DH5a by standard methods (31). Proviral DNAs were propagated in
JM109 clone 3226 (Life Technologies, Inc., Gaithersburg, Md.) at 308C to pre-
vent unwanted deletions. Supercoiled plasmids were purified with the Plasmid
Maxi kit (Qiagen, Chatsworth, Calif.).
HIV-1 Gag polyprotein bacterial expression plasmid pT7HG(pro2) has been

described previously (24). Human CyPA was expressed in bacteria by using a
previously described glutathione S-transferase (GST) fusion protein expression
construct (23). pNL4-3 is a plasmid containing a complete infectious clone of
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HIV-1 (2). The retrovirus nucleotide sequence is numbered with respect to the
59 edge of the 59 long terminal repeat of the DNA provirus. The Gag amino acid
sequence is numbered with respect to the amino terminus of the Gag polypro-
tein.
Drug-resistant viral stocks, cloning, and mutagenesis. Complete details of the

drug-resistant virus selection and genetic characterization procedures used are
described elsewhere (1). Briefly, viral stocks produced by infectious proviral
clone HIV-1NL4-3 (2) were used to infect CD41 HeLa cells (21) in the presence
of 2.5 mM (Me-Ile-4) CsA (28). Culture supernatant was passaged once per week
onto fresh, uninfected cells for 6 weeks, at the end of which four independent
viral stocks with altered drug sensitivity were obtained. Proviral DNA fragments
were amplified by PCR from cells infected with mutant viral stocks after end
point dilution. The fragments obtained were used to replace corresponding
sequence fragments in wild-type provirus HIV-1NL4-3 by standard methods (31).
Fragments encoding the proline-rich domain of Gag were found to confer al-
tered drug sensitivity on otherwise wild-type provirus. Dideoxy sequencing of
fragments encoding the proline-rich domain of Gag demonstrated that all four of
the drug-resistant stocks contained proviruses with either a C-to-A transversion
at nucleotide 1460 (encoding mutant A224E) or a G-to-A transition at nucleo-
tide 1466 (encoding mutant G226D); proviruses containing either of these two
point mutations, but otherwise wild type in sequence, possessed the drug-depen-
dent phenotype in CD41 HeLa cells or CEM cells (1). These same proviruses
were used in the experiments described here. To test the effect of these muta-
tions on Gag binding to CyPA in vitro, PstI-SpeI fragments (nucleotide positions
1415 to 1507) from the drug-resistant proviruses were subcloned into pT7HG
(pro2) to create the A224E and G226D versions of this plasmid.
HIV-1 gag mutants were constructed by using a PstI-SpeI fragment from

pNL4-3 (nucleotide positions 1415 to 1507) subcloned in pBluescript II KS2

(Stratagene Cloning Systems, La Jolla, Calif.) as a template and the Transformer
site-directed mutagenesis kit (Clontech, Palo Alto, Calif.). Mutant P222A was
constructed by using a mutagenic oligonucleotide encoding a BanI site to facil-
itate monitoring of the mutation (59-TGGTGCAATGGCACCTGCATGCAC-
39). Double mutant P222A/A224E was constructed by using a mutagenic oligo-
nucleotide encoding HinP1 I and MfeI sites (59-GCCTGGCTCAATTGCGCCT
GCATGC-39). The sequence was confirmed by dideoxy sequencing with T7 and
M13 reverse primers. Mutant sequences were transferred into pNL4-3 for ex-
pression within the context of a provirus.
Cell culture and DNA transfection. Human fibroblast 293T cells were main-

tained in Dulbecco modified Eagle medium-F12 (1:1) supplemented with 10%
fetal calf serum. The Jurkat human lymphocyte cell line (39) was obtained from
the National Institutes of Health AIDS Research and Reference Program and
maintained in RPMI 1640 supplemented with 10% fetal calf serum.
Viral proteins were expressed transiently by calcium phosphate transfection of

10 mg of supercoiled proviral DNA into 293T cells with the Mammalian Cell
Transfection Kit (Specialty Media, Lavellette, N.J.). Viral infections were initi-
ated by using 107 Jurkat T cells, 2 mg of proviral DNA, and 250 mg of DEAE-
dextran (Pharmacia Biotech Inc., Piscataway, N.J.) per ml in 1 ml of serum-free
RPMI for 20 min at room temperature. Cells were washed in serum-free me-
dium, resuspended in 3 ml of conditioned medium with 6 ml of fresh medium,
and split into 3-ml cultures with CsA added at the concentrations indicated
below. Every 2 days, supernatant was harvested and frozen, and cells were
passaged. At the conclusion of the experiment, the stored samples were analyzed
for reverse transcriptase (RT) activity as described below.
Exogenous RT assay. Cell culture supernatant 10 ml was added to 50 ml of RT

cocktail [60 mM Tris-HCl (pH 8.0), 180 mM KCl, 6 mM MgCl2, 6 mM dithio-
threitol, 0.6 mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N,9N9-tetraacetic
acid (EGTA), 0.12% Triton X-100, 6 mg of oligo(dT) per ml, 12 mg of poly(rA)
per ml, 0.05 mM [a-32P]dTTP (800 Ci/mmol)] for 1 h at 378C. A 2-ml volume was
spotted onto DE-81 paper and washed three times with 23 SSC (13 SSC is 0.15
M NaCl plus 0.015 M sodium citrate) (31). A PhosphorImager (Molecular
Dynamics, Sunnyvale, Calif.) was used to quantitate the radioactivity incorpo-
rated.
Virion purification.A 5-ml volume of supernatant collected from 293T cells 48

hr posttransfection with infectious proviral constructs (approximately 104 infec-
tious U/ml) was centrifuged at 1,000 rpm for 5 min and passed through a
0.45-mm-pore-size filter to remove cellular debris. The filtrate was layered onto
a step gradient consisting of 2 ml of 25% sucrose over 2 ml of 45% sucrose in
TNE (10 mM Tris-HCl [pH 7.5], 100 mM NaCl, 1 mM EDTA) and centrifuged
at 80,000 3 g for 2 h in a Beckman SW41 rotor. The virion-containing interface
was harvested and diluted to 6 ml with TNE, and virions were pelleted at
80,000 3 g for 2 h in an SW41 rotor. The pellet was resuspended in 50 ml of 2 3
sodium dodecyl sulfate (SDS) sample buffer (31) for Western blotting (immu-
noblotting).
Recombinant protein expressed in bacteria. The GST-CyPA fusion protein

expression plasmid was grown in E. coliDH5a. pT7HG-(pro2), expressing native
Pr55gag from the T7 promoter, was grown in JB-DE3, a lon mutant strain
containing the T7 polymerase gene under the control of the lac mutant UV5
promoter (24). Protein was induced from bacterial expression plasmids with
isopropyl-b-D-thiogalactopyranoside (IPTG) by standard methods (31). Three
hours after induction, bacteria were pelleted, washed in TEK buffer (20 mM
Tris-HCl [pH 7.5], 1 mM EDTA, 100 mM KCl), and resuspended in lysis buffer
(10 mM Tris-HCl [pH 7.5], 100 mM KCl, 1 mM EDTA, 5 mM dithiothreitol, 1.0

mM phenylmethylsulfonyl fluoride, 0.5% Nonidet P-40). The suspended bacteria
were frozen and thawed six times and sonicated on ice for 30 s with a Branson
Sonifier 250 (Branson Sonic Power Company, Danbury, Conn.) at an output
setting of 1 with a 30% duty cycle. Insoluble material was pelleted at 90,000 rpm
for 10 min in a Beckman TL 100 ultracentrifuge. Supernatants were adjusted to
20% glycerol and stored at 2708C until use in binding assays.
In vitro binding of recombinant Pr55gag to GST-CyPA. Glutathione-agarose

beads (Sigma Chemical Co., St. Louis, Mo.) were swollen overnight at 48C in
TEK buffer, washed three times in TEK buffer with 0.5% powdered milk, and
stored at 48C in binding buffer (20 mM Tris-HCl [pH 7.5], 100 mM KCl, 2 mM
CaCl2, 2 mM MgCl2, 5 mM dithiothreitol, 0.5% Nonidet P-40, 0.5 mM phenyl-
methylsulfonyl fluoride, 5% glycerol). Typical binding reactions used crude bac-
terial lysates in a total volume of 200 ml of binding buffer containing approx-
imately 2 mg of Pr55gag (approximately 0.2 mM) and 5 mg of GST-CyPA
(approximately 0.5 mM). After incubation at 48C on a Nutator (Becton Dickinson
& Co., Parsippany, N.J.), 25 ml of 50% (vol/vol) glutathione-agarose beads in
binding buffer was added and incubation was continued for another 30 min. The
glutathione-agarose beads were collected with a 5-s pulse in a microcentrifuge
and washed three times with 400 ml of binding buffer. Washed glutathione-
agarose beads were resuspended in 25 ml of 23 SDS sample buffer (31), heated
in boiling water for 5 min, and pelleted in a microcentrifuge. A 5-ml volume of
the supernatant was subjected to SDS-polyacrylamide gel electrophoresis (PAGE).
Gels were stained with Coomassie blue to monitor recovery of the GST fusion
proteins (data not shown) or processed forWestern blot analysis as described below.
Antibodies and Western blot analysis. Proteins complexed with GST fusion

proteins, or virion-associated proteins, were size separated by SDS-PAGE. Pro-
teins were transferred to nitrocellulose membranes with the Bio-Rad mini-
blotting apparatus (Bio-Rad, Hercules, Calif.). Murine monoclonal anti-HIV-1
p24 was obtained from Du Pont NEN (NEA-9306) and used as the primary
antibody in all immunoblots. Rabbit anti-CyPA antibody, a gift from Louis
Henderson (National Cancer Institute, Frederick, Md.), was used in combination
with the anti-p24 antibody in immunoblots of virion-associated proteins. Binding
of primary antibodies was detected with the appropriate peroxidase-coupled
secondary antibody and the Renaissance chemiluminescence kit (Du Pont).
CsA. CsA was obtained from Sandoz Pharmaceuticals Corporation (East

Hanover, N.J.). Prior to addition to tissue culture medium, or to the in vitro
binding reactions, the drug powder was dissolved in ethanol to make stock
solutions of less than 2 mM. All samples within a given experiment in which CsA
was used received the same volume of ethanol, including the no-drug controls. In
drug competition experiments, the GST-CyPA protein was incubated for 5 min
with CsA in binding buffer prior to addition of the bacterial lysate containing
Pr55gag.
Analysis of virion-associated RNA. To check for the retention of engineered

mutations in replicating virus, virion RNA was reverse transcribed and PCR
amplified with gag primers and the products were digested with restriction en-
zymes diagnostic for the engineered mutations. To prepare virion RNA, cell
culture supernatant from the peak of mutant virion production was normalized
to the wild-type peak for RT. A 50-ml volume of each supernatant was then
mixed with 500 ml of RNAzol B (Tel-Test, Inc., Friendswood, Tex.) and pro-
cessed in accordance with the manufacturer’s instructions. tRNA (60 mg) was
added as a carrier prior to precipitation, and the RNA pellet was resuspended in
30 ml of water.
For cDNA synthesis, the virion RNA in 1 ml of each sample was denatured by

heating in 10 ml of water and annealed to 25 pmol of an oligonucleotide primer
complementary to nucleotides 1621 to 1647 of pNL4-3 (59-GTCTTATGTCCA
GAATGCTGGTAGGGCT-39). The solution was brought to 50 mM Tris-HCl
(pH 8.3)–75 mM KCl–3 mM MgCl–10 mM dithiothreitol–1 mM each de-
oxynucleoside triphosphate and heated at 428C for 2 min. RNase H-free RT (200
U; Superscript II; Life Technologies, Inc.) was added, and the sample was
incubated at 428C for 50 min. The reaction was inactivated by heating at 708C for
15 min.
A 2-ml volume of the reverse transcription reaction mixture was used as the

template in a 20-ml reaction mixture containing 10 mM Tris-HCl (pH 8.3), 50
mM KCl, 1.5 mMMgCl2, 0.001% (wt/vol) gelatin, 0.2 mM each deoxynucleoside
triphosphate, 10 pmol of an oligonucleotide corresponding to pNL4-3 nucleo-
tides 1213 to 1239 (59-GGTACATCAGGCCATATCACCTAGAAC-39) with 10
pmol of the oligonucleotide used for reverse transcription, and 0.5 U of Ampli-
Taq DNA polymerase. All reactions were carried out with a GeneAmp 2400
PCR system (Perkin-Elmer, Foster City, Calif.) for 28 cycles of 948C for 30 s,
608C for 30 s, and 728C for 30 s. PCR products were size separated on agarose
gels and visualized by ethidium bromide staining. The full-length product with all
of the pNL4-3-derived viruses used here is 434 nucleotides. Restriction enzyme
digestion of mutant P222A with BanI reduces the product to 236- and 198-
nucleotide fragments. Digestion of P222A/A224E with HinP1 I or MfeI reduces
the product to fragments of 237 and 197 or 240 and 194 nucleotides, respectively.

RESULTS

Mutants A224E and G226D are sufficient to confer CsA
resistance on HIV-1 in the Jurkat T-cell line. To determine if
HIV-1 is capable of acquiring resistance to CsA and related
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compounds, viral stocks produced by a cloned HIV-1 provirus
were propagated in CD41 HeLa cells (21) in the presence of
(Me-Ile-4)CsA. This compound is a nonimmunosuppressive
CsA analog which, like the parent compound, disrupts the
interaction between CyPA and HIV-1 Gag and inhibits HIV-1
replication (28, 37). Four viral stocks capable of replicating in
the presence of (Me-Ile-4)CsA or CsA were obtained after 6
weeks of passage in tissue culture. Interestingly, these viral
stocks were not only drug resistant but dependent upon the
drug for replication in either CD41 HeLa cells or in the CEM
T-lymphoblastoid cell line. Complete details of the selection of
these viral stocks and a complete genetic characterization are
presented elsewhere (1). Briefly, to identify mutations respon-
sible for the drug-resistant phenotype, DNA fragments ampli-
fied from cells infected with the resistant viral stocks were used
to replace corresponding fragments in the parental, wild-type
provirus. Sequences encoding the proline-rich domain of Gag
were associated with drug resistance; analysis of the primary
structure of this region revealed that all drug-resistant stocks
contained one of two point mutations, each of which encodes
an alteration in the amino acid sequence of Gag: A-2243E
or G-2263D (Fig. 1). Both mutations introduce a negative-
ly charged amino acid within the domain of Gag previously
shown to be required for CyPA binding and CyPA incorpora-
tion into virions (5, 13, 37).
To further characterize these mutants, the same HIV-1 pro-

viral DNAs which had been shown to encode drug-dependent
virus in CD41 HeLa cells or in CEM cells—wild type or con-
taining single point mutations encoding A224E or G226D—
were transfected into Jurkat T cells. Viral replication was mon-
itored by measuring the accumulation of RT activity in the
culture supernatant. The RT activity peak for the wild-type
virus was observed at day 10 posttransfection (Fig. 2A). The
two mutant viruses each produced an RT peak in Jurkat cells
comparable in magnitude to that produced by the wild type,
although in each case replication kinetics was delayed slightly:
for A224E, the RT peak occurred at day 12 (Fig. 2B); for
G226D, the peak occurred at day 14 (Fig. 2C). This result was
in sharp contrast to the finding that these mutants were unable
to replicate in CD41 HeLa cells or CEM cells in the absence
of the drug (1). Similar results were obtained whether the viral
infection was initiated by transfection of proviral DNA or by
infection with exogenous virus and with proviral constructs
containing a mutation (A-2243E or G-2263D) that had been
engineered by site-directed mutagenesis (data not shown).
As previously reported (4, 20, 28, 37, 38), replication of

wild-type HIV-1 was disrupted in a titratable fashion by in-
creasing concentrations of CsA (Fig. 2A). CsA has a narrow
therapeutic index, and the drug doses chosen were those which
effectively inhibit HIV-1 replication without obvious toxicity to
host cells (5). In contrast, CsA had minimal effects on the

replication of mutant A224E or G226D (Fig. 2B and C). In
fact, rather than inhibit viral replication, 0.5 mM CsA had a
slight stimulatory effect on the replication of the mutant vi-
ruses; a similar stimulatory effect of CsA has been observed
with non-HIV-1 primate lentiviruses that replicate indepen-
dently of CyPA (5). These results indicate that each of the two
mutations is sufficient to confer a CsA-resistant phenotype on
otherwise wild-type cloned provirus in the Jurkat T-cell line.
A224E and G226D do not alter the CyPA-binding properties

of the HIV-1 Gag polyprotein in vitro. Since CsA inhibits HIV-

FIG. 1. CsA-resistant HIV-1 isolates contain either of two point mutations
which alter the amino acid sequence of the proline-rich domain of Gag. The top
line shows the amino acid sequence of the wild-type proline-rich domain of the
HIV-1 Gag polyprotein. The underlined residues, G-221 and P-222, have previ-
ously been shown to be required for CyPA binding and for CyPA incorporation
into virions (5, 13). Amino acid residues encoded by drug-resistant mutations are
shown below those of the wild type. The amino acid altered by the point mutation
(A-2243E or G-2263D) is indicated by a lowercase letter. Conserved residues
are represented by dashes. Amino acid numbering is with respect to the amino
terminus of the HIV-1NL4-3 (2) Gag polyprotein.

FIG. 2. Gag mutants A224E and G226D render HIV-1 CsA resistant. Viral
replication kinetics in Jurkat T cells was measured following DEAE-dextran
transfection of proviral DNAs from wild-type HIV-1NL4-3 (2) (A), mutant A224E
(B), and mutant G226D (C). Virion accumulation in the culture supernatant is
indicated by RT activity (ordinate) at the indicated times posttransfection of
proviral DNAs (abscissa). CsA was dissolved in ethanol and maintained in tissue
culture medium at the following concentrations: å, no drug; ■, 0.5 mM; F, 2.5
mM. An equal volume of drug solvent was added to each culture, and the drug
was replenished every 2 days for the duration of the experiments.
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1 replication by competing with Gag for CyPA (13, 23, 37),
A224E and G226D might confer CsA resistance by increasing
the CyPA-binding affinity of the HIV-1 Gag polyprotein; this
would render CsA less effective as a competitor. To determine
if either A-2243E or G-2263D alters the CyPA-binding
properties of the Gag polyprotein, the ability of each mutant
protein to bind to CyPA was tested in vitro. A 90-nucleotide
sequence fragment encoding each mutation was used to re-
place wild-type gag sequences in a previously characterized
plasmid for expression of the HIV-1 Gag polyprotein in bac-
teria (24). As previously demonstrated (23), wild-type HIV-1
Gag polyprotein present in the total bacterial lysate was quan-
titatively recovered on glutathione-agarose beads to which
GST-CyPA had been adsorbed (Fig. 3A). As indicated by the
fraction of input protein bound, both mutant Gag proteins
were capable of binding to CyPA to an extent similar to that of
the wild-type protein (Fig. 3A). The specificity of binding of
each protein was demonstrated by the fact that recovery of Gag
was dependent upon the presence of the CyPA protein; no
binding was detected with GST bound to glutathione agarose
beads (Fig. 3A).
To assess the strength of binding of each mutant, we exam-

ined the effect of CsA on recovery of A224E or G226D by
GST-CyPA. As previously demonstrated (23), CsA complete-
ly inhibited HIV-1 Gag binding to CyPA at drug concentra-
tions equivalent to the concentration of CyPA in the binding
reaction (Fig. 3B). The inhibition curve possesses a sigmoid
character, consistent with the demonstrated requirement for
cooperative interactions between Gag monomers (8). CsA com-

pletely inhibited the binding of Gag mutant A224E or G226D
to CyPA at concentrations equivalent to those which blocked
wild-type Gag binding (Fig. 3B). In addition, both mutants ex-
hibited steep CsA inhibition curves identical to that observed
with the wild-type protein (Fig. 3B). These experiments dem-
onstrate that neither mutation alters the CyPA-binding prop-
erties of Gag to any significant extent.
CsA blocks CyPA incorporation into virions produced by

HIV-1 mutants A224E and G226D. Next we examined the ef-
fect of A224E or G226D on the incorporation of CyPA into
virions. Wild-type proviral DNA and mutants proviral DNA
encoding A224E or G226D were transfected into 293T cells by
calcium phosphate precipitation. At 48 h, virions were purified
from the cell supernatant (see Materials and Methods for
technical details) and subjected to SDS-PAGE and Western
blotting with a combination of two primary antibodies; the first
antibody recognizes HIV-1 Gag, and the second recognizes
human CyPA.
The total virion yield for each mutant was equivalent to that

of the wild type; this was demonstrated by virion-associated RT
(data not shown) and by the intensity of the signal in the
Western blot for particle-associated CA (Fig. 4). Purified viri-
ons produced by transfection of mutant provirus A224E or
G226D also contained quantities of CyPA comparable to that
found in virions produced by wild-type proviruses (Fig. 4).
To test for the effect of CsA on the incorporation of CyPA

into virions, DNA transfections were performed with 2.5 mM
CsA added to the tissue culture medium. This drug concentra-
tion was chosen because we had shown that it was sufficient to

FIG. 3. HIV-1 Gag polyprotein mutants A224E and G226D bind specifically to CyPA in vitro with an affinity comparable to that of the wild-type protein. Lysate
from bacteria expressing the indicated HIV-1 Gag polyprotein (wild type, A224E, or G226D) was mixed with lysate from bacteria expressing GST or GST fused to
CyPA, as indicated (A), or with lysate from bacteria expressing GST fused to CyPA in the presence of the indicated concentrations of CsA (B). GST proteins were
collected on glutathione-agarose beads. Bound protein was subjected to SDS-PAGE and visualized by Western blotting with a monoclonal anti-HIV-1 capsid antibody
(Du Pont). In each segment of panel A, the total lysate from bacteria expressing the indicated Gag polyprotein is shown. The position of migration of Pr55gag is shown.
WT, wild-type Gag polyprotein. The numbers on the right are molecular sizes in kilodaltons.
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strongly inhibit the replication of wild-type virus but had only
negligible effects on the replication of the mutant viruses (Fig.
2). When transfections were performed in the presence of 2.5
mMCsA, CyPA was undetectable in either wild-type or mutant
virions (Fig. 4). Thus, with respect to CyPA binding in vitro
and CyPA incorporation into virions, the biochemical proper-
ties of A224E or G226D are indistinguishable from those of
the wild type. The drug-resistant phenotype is therefore ex-
plained not by increased CyPA-binding affinity on the part of
the mutant Gags but by the ability of the mutants to convert
virions to a CyPA-independent mode of infection.
CsA-resistant mutant A224E restores replication to a pro-

virus harboring a mutation which precludes CyPA packaging.
HIV-1 Gag mutant P222A is unable to bind or package CyPA
(13); virions produced by this mutant have no obvious bio-
chemical or structural defects, but their ability to initiate re-
verse transcription after infection of T cells is attenuated (5). If
the replication defect of P222A resulted solely from disruption
of CyPA packaging, then a mutation conferring the ability
to replicate in the absence of CyPA should restore P222A
infectivity. To test this idea, HIV-1 Gag double mutant P222A/
A224E was constructed and its ability to replicate in Jurkat T
cells was compared with those of the wild type and P222A. As

previously reported, the replication of P222A was severely
attenuated (Fig. 5A). In contrast, the P222A/A224E RT peak
was comparable in magnitude to that of the wild type (Fig. 5A),
indicating that A224E is able to rescue P222A when the two
mutations are possessed by the same provirus.
Mutant P222A/A224E was examined further to determine if

it retains characteristics of each of the single mutants. Like that
of A224E (Fig. 2), P222A/P224E replication was slower than
that of the wild type (Fig. 5A), as well as CsA resistant and
slightly stimulated by drug (Fig. 5B). The single mutant P222A
packages fivefold less CyPA than does the wild-type virus (5).
CyPA packaging by P222A/A224E was reduced to the same
extent as that by P222A, indicating that A224E did not restore
CyPA-binding properties to P222A (Fig. 6). The phenotype of
P222A/A224E, therefore, was a composite of the properties of
each of the individual mutants.
Lastly, we determined if the RT peak observed following

transfection of P222A/A224E proviral DNA was due to a rep-
licating virus which retained both mutations, rather than con-
tamination with wild-type virus or the appearance of a rever-
tant which had lost either of the engineered mutations. Virion-
associated RNA was isolated from supernatant containing the
peak of RT (day 20 in Fig. 5A). This was used as the template
in reverse transcription-PCR with primers specific for gag se-
quences surrounding the site of the engineered mutations. As
with the wild-type virus, RNA isolated from P222A/A224E-
derived virions gave the expected product of 434 bp (Fig. 7).
No product was obtained when PCR was performed without
prior reverse transcription (Fig. 7), indicating that the product
was from RNA and not contaminating plasmid DNA. Simi-
larly, no product was obtained when the template was pre-
treated with RNase A, whereas pretreatment with RQ1 DNase
had no effect on product yield (data not shown). The oligonu-
cleotides used to engineer the mutations incorporated restric-
tion enzyme recognition sites, and digestion of the PCR prod-
ucts with these enzymes was used to monitor the presence of
the mutations. Unlike the product obtained with wild-type-
derived virus, the reverse transcription-PCR product produced
with P222A/A224E-derived virion RNA as the template was
cut to completion by both of the restriction enzymes used to
monitor the mutations (Fig. 7). Dilution of the wild-type sam-
ple demonstrated that if the culture contained a revertant

FIG. 4. Gag mutants A224E and G226D do not alter the CyPA-binding
properties of HIV-1 Gag in virions. Immunoblot of virion protein purified from
the supernatant of 293T cells transfected by calcium phosphate precipitation with
the indicated proviral DNAs in the presence (1) or absence (2) of 2.5 mM CsA.
Blots were probed with both a monoclonal anti-HIV-1 CA antibody and a rabbit
anti-CyPA antibody (a gift from Louis Henderson). The positions of migration of
CA and CyPA are shown. WT, wild type.

FIG. 5. Double mutant P222A/A224E is replication competent, indicating that A224E rescues the infectivity of a Gag mutant (P222A) which is unable to package
CyPA. (A) Viral replication kinetics in Jurkat T cells following DEAE-dextran transfection of the following proviral DNAs: å, wild-type HIV-1NL4-3; F, mutant P222A;
■, double mutant P222A/A224E. (B) Viral replication kinetics in Jurkat T cells following DEAE-dextran transfection of double mutant P222A/A224E; CsA was
maintained in the tissue culture medium at the following concentrations: å, no drug; ■, 0.5 mM; F, 2.5 mM. Virion accumulation in the culture supernatant is indicated
by RT activity (ordinate) at the indicated times posttransfection of proviral DNAs (abscissa).
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which had lost the mutations, the abundance of this virus was,
at most, 1/30 of that of the double mutant. We conclude that
A224E was able to rescue P222A, supporting our two conten-
tions that A224E is capable of replicating in the absence of
packaged CyPA and that the disruption of viral replication by
P222A is a direct result of the mutant’s inability to package
CyPA.

DISCUSSION

The isolation of two gag point mutations, each of which
removes HIV-1’s dependence upon CyPA, demonstrates that
in addition to encoding the CyPA-packaging function, gag en-
codes the functional target of CyPA. This result establishes
HIV-1 gag as the second gene—the only other being a Droso-
phila rhodopsin (3, 9)—to encode a protein with a demonstrat-
ed functional requirement for an interaction with a cyclophilin
family member.

Although CyPA might be required during virion assembly,
several observations suggest that CyPA plays an essential role
subsequent to assembly, after proteolytic cleavage of the Gag
polyprotein (5, 13, 37). First, significant quantities of CyPA
are specifically incorporated into HIV-1 virions (molar ratio
to Gag of roughly 1:10). Second, the absence of detectable
biochemical or structural defects in virions rendered CyPA de-
ficient by CsA or by gag mutations suggests that CyPA is dis-
pensable for virion assembly. Third, disruption of CyPA pack-
aging into virions is associated with a quantitative reduction in
virion infectivity, with the block to replication occurring early
in the virus life cycle, after membrane fusion but prior to re-
verse transcription (5, 13, 37). We propose that CA, the Gag
polyprotein cleavage product which retains the proline-rich
domain and, therefore, the ability to bind CyPA (5, 8, 23, 37),
is the gag product most likely to be the functional target of
CyPA; by introducing a negatively charged residue into the
proline-rich domain, each CsA-resistant mutant might alter
the structure of CA such that CyPA is no longer required for
an early event in the HIV-1 life cycle, such as virion uncoating.
It remains to be determined if CyPA’s peptidyl-prolyl

isomerase activity (12, 14, 25, 33) is required for HIV-1 virion
uncoating. Our previous observation that Gag residues G-221
and P-222 are required for binding to CyPA (5, 13) suggests
that CyPA catalyzes the isomerization of the peptidyl-prolyl
bond that joins G-221 to P-222. Alternatively, CyPA has also
been demonstrated to function as a chaperone that prevents
the aggregation of folding intermediates (3, 9, 14, 36); bio-
chemical studies indicate that CA dissociates from the viral
nucleoprotein complex during virion uncoating (7, 15), and
CyPA might function as a chaperone of CA in HIV-1 virion
uncoating, analogously to Hsp70, the ATPase which catalyzes
the uncoating of clathrin from coated vesicles (29, 32).
The ease with which these CsA-resistant HIV-1 mutants

were selected in tissue culture suggests that drugs which inhibit
HIV-1 replication by blocking the Gag-CyPA interaction will
select resistant mutants in vivo. Such drugs would therefore
prove ineffective antiviral agents in HIV-1-infected individuals.
The observation that mutations A-2243E and G-2263D

render the virus drug resistant in Jurkat cells, in contrast to the
drug-dependent phenotype observed in CD41 HeLa cells or
CEM cells, is somewhat surprising. The molecular basis for this
phenotypic difference is unknown. The slight stimulatory effect
on the replication of the mutants in Jurkat cells by the lower
dose of CsA (Fig. 2) suggests that the cell type-specific pheno-
typic difference may only be relative and not an absolute gene-
tic difference between these cell lines. Interestingly, a previous
report noted that a two-amino-acid change in the proline-rich
domain of HIV-1 Gag selectively altered the replication kinet-
ics of the mutant virus in specific cell lines (30).
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