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Human immunodeficiency virus type 1 (HIV-1) requires the incorporation of cyclophilin A (CypA) for
replication. CypA is packaged by binding to the capsid (CA) region of Gag. This interaction is disrupted by
cyclosporine (CsA). Preventing CypA incorporation, either by mutations in the binding region of CA or by the
presence of CsA, abrogates virus infectivity. Given that CypA possesses an isomerase activity, it has been
proposed that CypA acts as an uncoating factor by destabilizing the shell of CA that surrounds the viral
genome. However, because the same domain of CypA is responsible for both its isomerase activity and its
capacity to be packaged, it has been challenging to determine if isomerase activity is required for HIV-1
replication. To address this issue, we fused CypA to viral protein R (Vpr), creating a Vpr-CypA chimera.
Because Vpr is packaged via the p6 region of Gag, this approach bypasses the interaction with CA and allows
CypA incorporation even in the presence of CsA. Using this system, we found that Vpr-CypA rescues the
infectivity of viruses lacking CypA, either produced in the presence of CsA or mutated in the CypA packaging
signal of CA. Furthermore, a Vpr-CypA mutant which has no isomerase activity and no capacity to bind to CA
also rescues HIV-1 replication. Thus, this study demonstrates that the isomerase activity of CypA is not
required for HIV-1 replication and suggests that the interaction of the catalytic site of CypA with CA serves no
other function than to incorporate CypA into viruses.

Cyclophilin A (CypA) is a ubiquitous cytosolic protein that
was originally discovered as the major binding protein for the
immunosuppressive drug cyclosporine (CsA) (20). The only
known catalytic function of CypA in vitro is the cis/trans
isomerization of peptide bonds between the carboxyl end of an
amino acid and the amino end of a proline within a polypep-
tide chain. It has been demonstrated that CypA accelerates
slow, proline-limited steps in the refolding of several proteins,
including collagen, transferrin, and Drosophila rhodopsin (17).
The hydrophobic pocket of CypA contains the catalytic do-
main responsible for isomerization. CsA, by binding to this
cavity, inhibits the isomerase activity of CypA (21, 41).

The earliest hint for a role for CypA in human immunode-
ficiency virus type 1 (HIV-1) replication came from studies
performed by Luban and colleagues, who showed by using the
yeast two-hybrid system that CypA interacts directly with
HIV-1 Gag, the polyprotein precursor of the virus structural
proteins (22). Further studies demonstrated that cytosolic
CypA is specifically incorporated into nascent virus by binding
to a proline-rich domain of the capsid (CA) region of Gag (12).
Furthermore, crystal structure analysis reveals that the cata-
lytic domain of the isomerase interacts with a proline-rich
stretch of the single exposed loop of CA (36). Corroborating
this observation, the CypA-Gag interaction can be competi-

tively disrupted by CsA. Either the addition of CsA onto virus
producer cells or the introduction of mutations in the CypA-
binding domain of the CA region of Gag prevents the incor-
poration of CypA into budding viruses (4, 12, 35). Most im-
portant, these viruses which lack CypA are less infectious than
wild-type viruses (3, 5, 12, 35). This demonstrates that HIV-1
requires the incorporation of host CypA to efficiently replicate
in host cells. Given that CA forms the coat which surrounds
and protects the viral genome and that CypA possesses a
cis/trans isomerase activity, it has been proposed that CypA
acts as an uncoating factor (18, 23). In this model, CypA, by
catalyzing the cis/trans isomerization of peptidyl-prolyl bonds
of prolines in CA, destabilizes CA-CA interactions, triggering
the breakdown of the shell of CA and permitting the delivery
of the viral genome into the host cell cytosol.

In the present study, we developed a system which allows us
to evaluate domains of CypA, including its catalytic domain,
that may be necessary for HIV-1 infection.

MATERIALS AND METHODS

DNA constructs. The proviral clones R9 (NL4.3 derivative) and R9 G89V
were described previously (14, 31). To allow an efficient in-trans incorporation of
CypA, human CypA was fused to the C terminus of viral protein R (Vpr) in the
context of the pLR2P-vprRT vector (39) (a generous gift from X. Wu) after
removal of the reverse transcriptase (RT) coding region. A PCR-amplified MluI-
XhoI DNA with the human CypA coding region was ligated in the vector above,
creating the Vpr-CypA vector. Furthermore, we introduced by PCR amplifica-
tion an HIV-1 protease site between Vpr and CypA to allow liberation of CypA
after its virus incorporation. The cleavage sequence from the junction between
p7 and p1 (ERQAN-FLGKI) has been chosen because a previous study showed
that this site fused to the C terminus of Vpr does not influence virus infectivity
(33).
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Transfections and infections. All viruses used in this study were transiently
expressed by calcium phosphate transfection with a mixture of 20 �g of R9
proviral DNA together with 20 �g of Vpr-CypA vector as described previously
(37). Viral supernatants, harvested 72 h posttransfection, were filtered through a
0.2-�m-pore-size filter to remove cellular debris. Cell-free infections were per-
formed as previously described (33). Briefly, virus (1 ng of p24) was added to
CD4� HeLa cells (80,000 cells). Forty-eight hours postinfection, infected cells
were detected by 5-bromo-4-chloro-3-indolyl-�-D-glucuronic acid (X-Gal) stain-
ing. Viral load was standardized by p24 antigen by using the enzyme-linked
immunosorbent assay (NEN-Dupont). CsA (Sigma) was used at a concentration
of 20 �M on virus producer cells.

Protein analyses and antibodies. Purification and immunoblot analysis of
viruses produced from 293T transfected cells were conducted as previously
described (37). Anti-CA and anti-Vpr antisera were obtained through the AIDS
Research and Reference Program. Rabbit anti-CypA serum was obtained by
immunization with recombinant human CypA protein generated using the pre-
viously described GST-CypA plasmid (22).

RESULTS

Incorporation of Vpr-CypA fusion protein into HIV-1. To
determine whether the isomerase activity of CypA is required
for HIV-1 replication, it is necessary to mutate the catalytic
domain of CypA and assess the effect of this mutation on
HIV-1 infection. However, as CypA is an endogenous cytosolic
protein which is not encoded by the HIV-1 viral genome,
analysis of CypA does not lend itself to traditional molecular
analysis by mutagenesis. Overexpression in trans of mutant
CypA in virus-producing cells would at best result in the in-
corporation of a mixture of both endogenous and mutant
CypA into the virus. Thus, we sought an approach that would
allow us to introduce mutant forms of CypA into HIV-1 yet
block the incorporation of endogenous CypA. We exploited
the fact that foreign proteins can be efficiently incorporated in
trans into nascent HIV-1 particles when fused to Vpr. Impor-
tantly, Vpr is incorporated into HIV-1 via a pathway that is
distinct from that used by CypA (35). Specifically, CypA is
incorporated into nascent viruses by binding to the CA region
of Gag (Fig. 1A), whereas Vpr is packaged into particles by
binding to the p6 domain of Gag (Fig. 1B). We fused the gene
encoding human CypA to the C terminus of Vpr as described
previously (39), creating a Vpr-CypA chimera. In the absence
of the drug CsA, we expect to observe the incorporation of

both endogenous CypA and the Vpr-CypA chimera (Fig. 1D).
However, in the presence of CsA, only the Vpr-CypA chimera
would be incorporated into the virus but not endogenous CypA
(Fig. 1E). Furthermore, we expect to observe the packaging of
the Vpr-CypA chimera even in a virus mutated in the CypA-
binding domain of the CA region of Gag (Fig. 1G). This
approach would not only allow the incorporation of CypA
independently of the CA region of HIV-1 Gag but also the
incorporation of CypA mutants which lack cis/trans isomerase
activity.

We then tested the feasibility of this approach. Specifically,
293T cells were cotransfected with the R9 proviral DNA
(NL4.3 derivative) (14) and the Vpr-CypA construct as de-
scribed previously (37). Twenty-four hours posttransfection,
cells were grown in the presence or absence of CsA. Seventy-
two hours posttransfection, supernatants of transfected cells
were harvested, filtered, and centrifuged over a sucrose cush-
ion. Amounts of pelleted viruses were quantified by p24 en-
zyme-linked immunosorbent assay. Purified viruses were ana-
lyzed by immunoblotting using anti-CypA antibodies. As
expected, CsA strongly decreased the incorporation of endog-
enous CypA (18 kDa) compared to untreated virus (Fig. 2,
lanes 1 and 2). In sharp contrast, CsA does not inhibit the
incorporation of the Vpr-CypA fusion protein (32 kDa) (Fig. 2,
lane 3). This demonstrates that our system permits the virus
incorporation of CypA independently of the CA region of Gag.
As the fused Vpr protein might interfere with the activity of
CypA within the Vpr chimera, we also introduced an HIV-1
protease cleavage site between Vpr and CypA (called Vpr-Pr-
CypA) permitting the release of CypA from Vpr after viral
incorporation. We found that, like the Vpr-CypA chimera, the
Vpr-Pr-CypA fusion protein is efficiently incorporated into
particles despite the presence of CsA (Fig. 2, lane 4). The
increase in size of uncleaved Vpr-Pr-CypA compared to the
Vpr-CypA is due to the presence of the protease site. Impor-
tantly, we found that approximately half of the Vpr-Pr-CypA
molecules are cleaved. Note that the slight increase in size of
the cleaved CypA (18 kDa) is due to the presence of a few
residues from the protease cleavage site. This confirms that

FIG. 1. Model for in-trans CypA incorporation into HIV-1. (A) Under wild-type conditions, endogenous CypA is incorporated via the glycine
89-proline 90 CA region of HIV-1 Gag. (B) Vpr is incorporated via the p6 region of HIV-1 Gag. (C) CsA prevents endogenous CypA incorporation
by competitively inhibiting CypA-Gag interactions. (D) In the absence of CsA, both endogenous CypA and CypA fused to Vpr are incorporated.
(E) CsA prevents the incorporation of endogenous CypA but not that of the Vpr-CypA chimera. (F) Mutation of the glycine 89-proline 90 CA
site inhibits endogenous CypA incorporation. (G) The Vpr-CypA chimera is incorporated despite the lesion in the glycine 89-proline 90 CA
packaging signal.
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this population of CypA arises exclusively from the cleavage of
the Vpr-Pr-CypA chimera.

Previous studies showed that the introduction of mutations
in the CypA-binding domain of CA prevents the incorporation
of endogenous CypA. Specifically, mutations of glycine 89 or
proline 90 in the proline-rich stretch of the exposed loop of
HIV-1 CA obstruct host CypA incorporation (12, 14, 36, 40).
Thus, we analyzed the incorporation of Vpr-CypA and Vpr-
Pr-CypA into these CA mutants. Specifically, 293T cells were
cotransfected with the R9 G89V proviral clone (31) and Vpr-
CypA or Vpr-Pr-CypA construct. As expected, the CA G89V
mutation drastically inhibits the packaging of endogenous
CypA (Fig. 2, lane 5). Importantly, we observed an efficient
incorporation of both Vpr-CypA (Fig. 2, lane 6) and Vpr-Pr-
CypA (Fig. 2, lane 7) fusion proteins into R9 G89V mutant
virus, similar to that observed in wild-type R9 virus. These
results further demonstrate that this Vpr fusion system permits
the incorporation of CypA independently of the CA region of
Gag.

Incorporation of Vpr-CypA fusion protein into CypA-defi-
cient viruses restores their infectivity. After showing that the
addition of CsA to virus producer cells or the introduction of
mutations in the CypA-binding site of CA (G89V) inhibits the
incorporation of endogenous CypA (Fig. 2), we verified that
these CypA-deficient viruses are not infectious. CD4� HeLa
cells containing an integrated LTR–beta-galactosidase gene
were used as targets for single-round infection assays as pre-
viously reported (37). As expected, we found that both CsA-
produced and CA G89V mutant viruses exhibit a 10-fold de-
crease in infectivity compared to untreated wild-type R9 virus
(Fig. 3). This confirms that HIV-1 requires the incorporation
of CypA for efficient replication.

We next examined if the incorporation of the Vpr-CypA
chimera can rescue the infectivity of these CypA-deficient vi-
ruses. Importantly, we found that the packaging of the Vpr-
CypA chimera restores R9 infectivity despite the presence of
CsA (CsA-produced R9) (Fig. 3). Similarly, the Vpr-CypA
fusion protein rescues the infectivity of the G89V CA mutant
virus (Fig. 3). Note that we observed a partial rescue with the

Vpr-CypA chimera which does not contain the internal pro-
tease site (around 50% of rescue), and almost complete rescue
with the Vpr-Pr-CypA chimera containing the cleavage site
(around 90% of rescue). This is likely due to the presence of
Vpr still fused to CypA, which partially interferes with the
activity of CypA. Together, these results further demonstrate a
requirement for CypA in HIV-1 infectivity and that the Vpr-
CypA chimera can functionally replace endogenous CypA.

The isomerase activity of CypA is not required for HIV-1
infectivity. After demonstrating that the in-trans incorporation
of Vpr-CypA is suitable for identifying domains of CypA nec-
essary for HIV-1 replication, we asked whether the isomerase
activity of CypA is specifically required for HIV-1 infectivity. It
is crucial that the rescue of infectivity of the Vpr-CypA chi-
mera occurs even in the presence of CsA, which is well known
to inhibit the isomerase activity of CypA. Thus, our data above
would seem to already suggest that the isomerase activity of
CypA is not necessary for HIV-1 infection. Therefore, to fur-
ther examine whether the isomerase activity of CypA is re-
quired for viral infectivity, we fused Vpr to a mutant CypA
known to lack isomerase activity (41). This mutant CypA con-
tains a lesion in the catalytic site (H126A) that abolishes both
isomerase activity and the capacity to bind to the HIV-1 Gag
(5, 10) or to CsA (41). First, we examined the incorporation of
the Vpr-Pr-CypA H126A chimera into HIV-1. As above, 293T
cells were cotransfected with the R9 proviral DNA and the
Vpr-Pr-CypA H126A construct in the presence or absence of
CsA. As controls, R9 was also cotransfected with the Vpr-Pr-
wild-type CypA or with the Vpr-Pr empty plasmid (not fused to
CypA but containing the cleavage site). Purified viruses were
analyzed by immunoblotting using anti-CypA, anti-CA, and
anti-Vpr antibodies. As shown above (Fig. 2), CsA prevents the
incorporation of endogenous CypA into wild-type R9 virus
(Fig. 4, lane 2) compared to untreated virus (Fig. 4, lane 1). In
this experiment, we also examined the in-trans incorporation of
Vpr not fused to CypA called Vpr-Pr. The immunoblot anal-

FIG. 3. The Vpr-CypA chimera rescues the infectivity of CypA-
deficient viruses. 293T cells were transfected with proviral DNA en-
coding wild-type R9 or R9 G89V CA mutant and were cotransfected
with Vpr-CypA or Vpr-Pr-CypA in the presence � or the absence � of
CsA. Viruses (1 ng of p24) were tested for their capacity to infect
CD4� HeLa cells. Infectivity was monitored by X-Gal staining. Results
(triplicates) are expressed as number of blue cells per nanogram of
p24. Results are representative of two independent experiments.

FIG. 2. Incorporation of Vpr-CypA fusion protein into HIV-1.
293T cells were transfected with proviral DNA encoding wild-type R9
(lanes 1 to 4) or R9 G89V CA mutant (lanes 5 to 7) and were
cotransfected with Vpr-CypA (lanes 3 and 6) or Vpr-Pr-CypA (lanes 4
and 7) in the presence (lanes 2 to 4) or the absence (lanes 1, 5, 6, and
7) of CsA. Purified viruses (3 �g of p24 per lane) were analyzed for
their CypA content by immunoblotting using anti-CypA antibodies.
CsA (20 �M) was added to 293T cells 24 h posttransfection.
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ysis using anti-Vpr antibodies revealed that Vpr-Pr is efficiently
incorporated into R9 viruses in the presence or absence of CsA
(Fig. 4, lanes 3 and 4). Note that the amount of Vpr incorpo-
rated into wild-type R9 virus is relatively low (Fig. 4, lanes 1
and 2). However, the in-trans packaging of Vpr-Pr strongly
promotes the total Vpr levels in these particles (Fig. 4, lanes 3
and 4). The two specific bands detected by the anti-Vpr anti-
bodies correspond to uncleaved Vpr-Pr and cleaved Vpr. As
shown in Fig. 2, in the absence of CsA, both endogenous CypA
and Vpr-Pr-CypA are incorporated into R9 (Fig. 4, lane 5). In
contrast, in the presence of CsA, Vpr-Pr-CypA but not endog-
enous CypA is incorporated into R9 (Fig. 4, lane 6). As shown
previously, approximately 50% of Vpr-Pr-CypA fusion pro-
teins are cleaved by HIV-1 protease (Fig. 4, lane 6). Note that
the summation of incorporation of endogenous CypA and
cleaved CypA (from the chimera) explains the strong intensity
of the CypA band (18 kDa) (Fig. 4, lane 5). As shown in Fig.
2, a slight increase in size of the cleaved CypA due to the
presence of a few residues from the protease cleavage site can
be observed. This confirms that this population of CypA arises
exclusively from the cleavage of the Vpr-Pr-CypA chimera. It
is important that the incorporation of the Vpr-Pr-CypA fusion
protein does not influence either Gag packaging or Gag pro-
cessing (Fig. 4, anti-CA immunoblot). Also significant, we
found that the incorporation of the Vpr-Pr-CypA H126A chi-
mera (Fig. 4, lanes 11 and 12) is similar to that of Vpr-Pr-wild-
type CypA in the absence or presence of CsA. Furthermore,

we found that the Vpr-Pr-CypA H126A is efficiently cleaved by
the HIV-1 protease (Fig. 4, lanes 11 and 12).

After demonstrating that the Vpr-Pr-CypA H126A chimera
is efficiently incorporated in HIV-1, we examined whether this
mutant CypA, which lacks isomerase activity and is unable to
bind to Gag, could rescue HIV-1 replication. To explore this
issue, viruses, which have incorporated the Vpr-Pr-CypA
H126A chimera, were tested for their capacity to infect CD4�

HeLa cells as shown above (Fig. 3). We found that CypA-
deficient viruses, such as CsA-produced R9 virus or the R9
G89V CA mutant, exhibit a 10-fold decrease in infectivity
compared to untreated wild-type R9 virus. Note that the in-
corporation of Vpr-Pr into R9 or R9 G89V viruses does not
influence their infectivity. As shown above, the in-trans incor-
poration of Vpr–Pr–wild-type CypA restores the infectivity of
CypA-deficient viruses (CsA-produced R9 or R9 G89V CA
viruses). Most importantly, the Vpr-Pr-CypA H126A chimera
fully rescued R9 infectivity even in the presence of CsA (Fig.
5A). It is crucial that the CypA H126A mutant cannot bind
CsA, obviating the possibility that the observed rescue of rep-
lication is due to CypA titrating away excess CsA. Corroborat-
ing this observation, we found that infectivity of the R9G89V
mutant virus can also be restored by the in-trans incorporation
of the Vpr-Pr-CypA H126A chimera. Altogether, these data
would seem to argue against a role for CypA as an uncoating
factor, at least via its isomerase activity. To rule out the pos-
sibility that the rescue does not arise from overincorporation of
CypA-H126A, we performed similar experiments using de-
creasing amounts of Vpr-CypA-H126A. Specifically, CypA-
deficient viruses were cotransfected with a range of comple-
mentary DNA encoding Vpr-CypA-H126A. Resulting viruses
were then analyzed by Western blotting for CypA content and
were tested for infection (Fig. 5B). Importantly, we found that
even a low amount of Vpr-CypA-H126A (i.e., 5 �g of DNA;
Fig. 5B, lane 2) still rescues the infectivity of CypA-deficient
viruses. It is important that the rescue of CypA-deficient vi-
ruses by the Vpr-CypA H126A mutant is observed even in the
presence of CsA (Fig. 4, lane 12). Thus, even if mutant CypA
H126A retains a tiny, residual catalytic activity, it would be
blocked by a large excess of CsA present in the system. This
strongly indicates that the rescue does not arise from overin-
corporation of CypA-H126A.

We previously showed that CypA-deficient viruses attach to
target cells less efficiently than wild-type viruses (31). We also
reported that recombinant CypA possesses the capacity to bind
to cell surface heparan sulfates (HS) via four basic residues
located within its C terminus (31). Based on these observa-
tions, we postulated that these residues might play a role in
HIV-1 attachment to target cells via HS. To address this pos-
sibility using a more physiological system, we fused a mutant
CypA lacking these four residues to Vpr and tested the result-
ing chimera for its ability to rescue HIV-1 replication in the
presence of CsA (Fig. 5A). We found that this mutant also
rescued HIV-1 infectivity, suggesting that these residues are
not required or not sufficient for HIV-1 attachment.

DISCUSSION

HIV-1 requires the incorporation of the host protein
CypA for efficient replication. CypA is packaged into HIV-1

FIG. 4. In-trans incorporation of CypA mutant which lacks isomer-
ase activity. 293T cells were transfected with a proviral DNA encoding
wild-type R9 (lanes 1 to 12) or cotransfected with a construct encoding
Vpr-Pr alone (lanes 3, 4, 9, and 10), Vpr-Pr-CypA (lanes 5 and 6), or
Vpr-Pr-CypA H126A (lanes 11 and 12) in the presence (lanes 2, 4, 6,
8, 10, and 12) or absence (lanes 1, 3, 5, 7, 9, and 11) of 20 �M CsA.
Produced viruses were analyzed for CypA, CA, and Vpr content by
immunoblotting using specific antibodies. �, control.
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by specifically binding to the CA region of the Gag precur-
sor. Given that CA comprises the shell that surrounds the
viral genome and that CypA possesses a cis/trans isomerase
activity, it has been proposed for years that CypA acts as an
uncoating factor. In this model, CypA destabilizes CA-CA
interactions, triggering the rupture of the CA coat, allowing
the delivery of the viral genome in the cytosol of host cells.
However, because the same domain of CypA is responsible
for both its isomerase activity and its capacity to be pack-
aged in the virus, it was impossible to date to determine if
the isomerase activity of CypA was required for HIV-1 rep-
lication.

In the present study, we have addressed this issue by taking
advantage of a Vpr-CypA fusion protein that bypasses the
interaction with the glycine 89-proline 90 packaging signal of
CA in Gag and allows the incorporation of CypA into viruses
even in the presence of CsA. Using this system, we found that
Vpr-CypA rescued HIV-1 replication despite the presence of
CsA. We then fused to Vpr a CypA mutant which has no
cis/trans prolyl isomerase activity and no capacity to bind to the
CA region of Gag or CsA. Importantly, this CypA mutant also
rescued HIV-1 replication in the presence of CsA. Altogether,
our findings demonstrate that the isomerase activity of CypA is
not required for HIV-1 replication and suggest that the inter-
action of the catalytic site of CypA with glycine 89-proline 90
motif of CA serves no other function than to incorporate CypA
into viruses.

Our present data seem to argue against a role for CypA in
HIV-1 CA uncoating. However, we cannot exclude the pos-
sibility that CypA acts on loci of CA other than the glycine
89-proline 90 packaging signal. We can imagine that, during
virus maturation, the processing of the Gag precursor in-
duces major structural changes in cleaved CA that may
expose new high-affinity binding sites for CypA. Postassem-
bly actions of CypA, such as uncoating, may be mediated via
these new high-affinity binding sites of mature CA proteins.
Supporting this hypothesis, several studies suggest that af-
finities of CypA for Gag and for CA are strikingly different
(6, 9, 11). Specifically, Endrich and colleagues, using recombi-
nant proteins, showed that the processing of immature CA,
yielding mature CA, elicited conformational changes in its
C-terminal domain. They showed that CypA binds with a
higher affinity to mature CA than to immature CA. They iden-
tified two new high-affinity binding interaction sites between
CypA and mature CA in the C-terminal domain of CA around
glycine 156-proline 157 and glycine 223-proline 224 (11). They
proposed that these new binding sites represent loci upon
which CypA acts postassembly. However, these sites are lo-
cated in the C-terminal domain of CA, which is essential for
CA oligomerization and CA core formation (7, 8, 15, 16, 19,
38). Given that Colgan and colleagues demonstrated that Gag
multimerization is required for CypA packaging (8), we cannot
exclude the possibility that these sites (glycine 156-proline 157
and glycine 223-proline 224) play only an indirect role in

FIG. 5. The isomerase activity of CypA is dispensable for HIV-1
infectivity. (A) 293T cells were transfected with proviral DNA encod-
ing wild-type R9 or R9 G89V CA mutant and were cotransfected with
Vpr-Pr, Vpr-Pr-CypA, Vpr-Pr-CypA H126A, or Vpr-Pr-CypA �4
(RKKK148/151/154/155AAAA) in the presence (�) or the absence
(�) of CsA. Viruses (1 ng of p24) were tested for their capacity to
infect CD4� HeLa cells. Infectivity was monitored by X-Gal staining.
Results (duplicates) are expressed in number of blue cells per nano-
gram of p24. Results are representative of two independent experi-
ments. (B) 293T cells were transfected with proviral DNA (20 �g)
encoding R9 G89V CA mutant and were cotransfected with increasing
concentrations of Vpr-Pr-CypA H126A (1, 5, 10, and 20 �g of DNA;
lanes 1, 2, 3, and 4, respectively) in the presence of CsA. After p24
standardization, produced viruses were analyzed for CypA content by
immunoblotting using anti-CypA antibodies and for infectivity using
CD4� HeLa cells. Infectivity was monitored by X-Gal staining. Results
(duplicates) are expressed in number of blue cells per nanogram of
p24. Results are representative of two independent experiments.
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CypA-CA interactions. To clearly demonstrate that these sites
represent authentic loci for CypA action, these sites will have
to be mutated in the context of whole virus, instead of recom-
binant proteins, and the resulting mutant viruses will have to
be examined for their capacities to assemble, to form regular
cores, and to enter and to infect target cells. Corroborating the
hypothesis for CA refolding upon maturation, Dietrich and
colleagues showed, using recombinant proteins, that CypA
binds to cleaved CA in a manner different from its binding to
unprocessed Gag (9). Specifically, they showed that the mutant
CypA W121F binds efficiently to Gag but fails to bind to
mature CA. Altogether, these observations suggest the occur-
rence of maturation-dependent conformational changes in CA
that may potentiate the influence of CypA on CA uncoating.

Our present findings, however, seem to argue against the
hypothesis that CypA-CA contacts are critical for HIV-1 in-
fection at a postassembly step. Specifically, we showed that
CsA does not inhibit the infectivity of a virus which has pack-
aged in trans the Vpr-CypA chimera. Since it has been shown
that CsA prevents the binding of CypA to CA (2), our data
suggest that the catalytic site of CypA is not necessary for
CypA function in HIV-1 replication after its packaging. Al-
though we cannot rule out the possibility that CypA acts on CA
via regions other than its catalytic domain, our present obser-
vations strongly suggest that the requirement for CypA in
HIV-1 replication does not depend on an action of CypA on
CA. Several in vitro studies clearly demonstrated that CsA
prevents CypA-CA/Gag interactions (2, 13, 22, 36); however,
one report suggested that a subpopulation of CA molecules
may bind CypA even in the presence of CsA (1). This discrep-
ancy may arise from the different provenance of CA utilized.
For example, some studies generated recombinant CA as glu-
tathione S-transferase fusion proteins (2, 13, 22, 36), whereas
another generated CA from the processing of recombinant
Gag by the HIV-1 protease (1). It is possible that the method
used to generate CA may influence its binding properties to
CypA. Furthermore, we cannot exclude the possibility that the
use of recombinant proteins may not reflect in vivo conditions.

If CypA acts at a postassembly step other than uncoating,
what is the function of CypA in the HIV-1 life cycle? Recent
reports suggest that incorporated CypA may play an impor-
tant role in HIV-1 entry into target cells. Specifically, Push-
karsky and colleagues recently showed that HIV-1 entry
depends on interactions between virus-associated CypA and
cell surface CD147 (29). Importantly, antibodies directed
against CD147 inhibit the entry of HIV-1 into target cells but
not that of viruses which do not require CypA for replication,
such as simian immunodeficiency virus (29). In another report,
we showed that CypA-deficient viruses attach to target cells
less efficiently than do wild-type viruses (31). Given that re-
combinant CypA possesses the capacity to bind to target cells
via HS and that HIV-1 requires cell surface HS to attach to a
large number of adherent cells (31, 32), we postulated that
packaged CypA mediates HIV-1 adsorption to target cells via
HS. Corroborating this hypothesis, we and others showed that
affinity-purified anti-CypA antibodies or an excess of recombi-
nant CypA decreasees HIV-1 uptake by target cells (31, 34).
Using recombinant CypA, we identified four basic residues in
the C terminus of CypA responsible for binding to cell surface
HS (31). We postulated that these residues might play a role in

HIV-1 attachment to target cells. To address this possibility
using a more physiological system, we fused a mutant CypA
lacking these four residues to Vpr and tested the resulting
chimera for its ability to rescue HIV-1 replication in the pres-
ence of CsA. To our surprise, this mutant also rescued HIV-1
infectivity, suggesting that these residues are not sufficient for
HIV-1 attachment. Several possibilities may explain why these
residues are not necessary for HIV-1 replication. One possi-
bility is that either additional residues of CypA or residues
distinct from the four residues described above are necessary
for HIV-1 attachment. We originally assumed that these basic
residues of CypA participate in viral attachment arose from
experiments using recombinant CypA. However, one could
imagine that the use of recombinant protein to demonstrate a
role for CypA in HIV-1 attachment is not adequate. Interest-
ingly, there is a close precedent in the literature supporting this
hypothesis. Specifically, it has been demonstrated that recom-
binant gp120 binds to cell surface HS via basic residues located
within its V3 loop (30), suggesting that gp120 may mediate
HIV-1 attachment either via gp120-CD4 or via gp120-HS in-
teractions. However, a growing body of evidence indicates that
gp120 is not necessary for the initial attachment of HIV-1 to
target cells. Indeed, several recent studies showed that viruses
with a deletion of gp120 attach to human macrophages or to
CD4� HeLa cells at levels similar to those of wild-type viruses
(24, 25, 27, 31, 32). Thus, these observations strongly suggest
that the use of recombinant proteins such as gp120 or CypA to
demonstrate their participation in HIV-1 adsorption in the
context of whole virus must be regarded with caution. Another
possibility to explain why the basic residues of CypA are not
necessary for HIV-1 replication using our Vpr chimera system
is that, although CypA is required for HIV-1 attachment, it
may not mediate virus adsorption directly. One could envision
that CypA, only in conjunction with an exposed virus-associ-
ated protein, mediates HIV-1 attachment. Alternately, one
could also imagine that CypA facilitates the translocation of an
attachment factor to the surface of the virus during viral mat-
uration. Nevertheless, our present in-trans Vpr-CypA incorpo-
ration system will permit us to delineate the domains of CypA
necessary for both CypA-CD147 and CypA-HS interactions.
This will help to better define the respective roles of these
interactions in HIV-1 entry.

We recently reported that the two major HIV-1 targets—
CD4� T lymphocytes and macrophages—express opposite
patterns of the candidate HIV-1 attachment receptors CD4
and HS (32). Specifically, we showed that CD4� T lympho-
cytes express high CD4 levels but no HS, whereas macrophages
express low CD4 levels but high HS levels. We demonstrated
that HS serve as the main class of attachment receptors for
HIV-1 on macrophages, suggesting that CD4 alone is not suf-
ficient to support the initial adsorption of HIV-1 to these cells.
Furthermore, we found that HIV-1 attaches efficiently to
CD4� T lymphocytes despite the absence of cell surface HS
(32), suggesting that high CD4 levels are sufficient to mediate
the initial attachment. If CypA is only necessary for HIV-1
attachment, we would expect to observe replication of CypA-
deficient viruses in CD4� T lymphocytes. However, a previous
study showed that the nonimmunosuppressive CsA analogue
SDZ NIM 811 decreases CypA incorporation and replication
in CD4� T lymphocytes (26). This observation suggested to us
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a postentry role for CypA in HIV-1 replication. Corroborating
this hypothesis, we recently found that the use of spinoculation
(centrifugal inoculation), which bypasses the mechanistic re-
quirement for the initial virus adsorption to target cells (28),
does not fully rescue the infectivity of CypA-deficient viruses
pseudotyped or not with the vesicular stomatitis virus envelope
(Saphire et al., unpublished). These results strongly suggest
that CypA acts at least at two distinct steps in the HIV-1 life
cycle: entry and postentry.

In conclusion, we showed that the trans-complementation of
CypA restores the infectivity of CypA-deficient viruses even in
the presence of CsA. Furthermore, we found that neither the
catalytic domain of CypA nor the glycine 89-proline 90 CA-
binding site is essential for HIV-1 replication. These results
suggest that the interaction of the catalytic site of CypA with
CA serves no other function than to incorporate CypA into
viruses. We are presently using our in-trans incorporation sys-
tem to identify domains of CypA essential for HIV-1 replica-
tion. The identification of these regions will help to delineate
the respective roles of CypA in HIV-1 entry and postentry.
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