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Hybrid viruses between human immunodeficiency virus type 1 (HIV-1) and simian immunodeficiency virus
strain mac (SIVMAC) are invaluable to various fields of HIV-1 research. To date, however, no replication-
competent HIV-1 strain containing the gag capsid (CA) region of SIVMAC has been reported. To obtain the
viable gag gene chimeric virus in an HIV-1 background, seven HIV-1 strains carrying a part of SIVMAC CA or
a small deletion in the CA region were constructed and examined for their biological and biochemical
characteristics. While all the recombinants and mutants were found to express Gag and to produce progeny
virions on transfection, only one chimeric virus, which has 18 bp of SIV gag CA sequence in place of the region
encoding the HIV-1 CA cyclophilin A (CyPA)-binding loop, was infectious for human cell lines. Although this
chimeric virus was unable to grow in monkey lymphocytic cells like wild-type (wt) HIV-1 did, it grew much
better than wt virus in the presence of cyclosporin A in a human cell line which supports HIV-1 replication in
a CyPA-dependent manner. These results indicate that the transfer of a small portion of the SIVMAC CA region
to HIV-1 could confer the CyPA-independent replication potential of SIVMAC on the virus.

Human immunodeficiency virus type 1 (HIV-1) Gag pro-
teins, like those of the other retroviruses, play roles in many
steps of the virus life cycle (for a review, see reference 12). The
HIV-1 Gag proteins are initially synthesized as precursor pro-
tein p55, and p55 is cleaved by virus protease into mature
proteins p17 matrix (MA), p24 capsid (CA), p7 nucleocapsid
(NC), and p6 during or shortly after virus budding (for reviews,
see references 28 and 32). The Gag proteins are critical not
only for the assembly, release of enveloped virions, and mat-
uration of virions but also for the early postentry steps in virus
replication. It is generally accepted, therefore, that HIV-1 Gag
interacts with numerous viral and cellular factors. One prom-
inent consequence of retroviral Gag-mediated biological func-
tions is the virus host range. For murine leukemia virus, it is
well established that Gag CA determines the Fv-1 tropism (for
a review, see reference 30). It is also well known for HIV-1 that
non-env sequence is critical for the species tropism (25). While
simian immunodeficiency virus strain mac (SIVMAC) grows
well both in human and simian lymphocytes, HIV-1 does not
replicate in the latter cells, and the viral determinant for this
restriction is most likely to be the Gag CA of HIV-1 (10, 24, 25,
27, 29). Furthermore, some mutations in the gag gene of HIV-1
affect the cellular tropism of the virus. Mutant viruses with
alterations in the HIV-1 gag encoding MA, CA, or NC were
able to grow in some human lymphocytic cell lines but not in
other (13, 15, 21). Recent studies have raised the idea that the
early function of HIV-1 Gag, i.e., that of uncoating and/or

reverse transcription, is involved in the restriction of HIV-1
replication mentioned above (18, 27).

To study the molecular basis for the functionality of HIV-1
Gag CA in human and simian cells, replication-competent gag
chimeric viruses between HIV-1 and SIVMAC are important
tools. Biological and biochemical characterization of such vi-
ruses would help us to understand the unique biology of HIV-1
mediated by the Gag CA. So far, however, while a viable
chimeric virus that carries the HIV-1 gag CA region in an
SIVMAC background has been reported, the construction of
replication-competent HIV-1 containing the gag CA region of
SIVMAC has been unsuccessful, probably for technical reasons
(10). In this study, we have generated seven gag recombinants
and mutants of wild-type (wt) HIV-1 NL432 (2) and charac-
terized them biologically and biochemically. We demonstrate
here that one HIV-1 clone with a small portion of the SIVMAC

gag CA region grows well in human lymphocytic cells but not in
monkey cells. We also show that this virus grows in human cells
in a cyclophilin A (CyPA)-independent manner, which is an
SIVMAC property.

To design the HIV-1/SIVMAC CA recombinants, the amino
acid sequences of viruses of HIV-1 and HIV-2/SIVMAC groups
with distinct growth properties in monkey peripheral blood
mononuclear cells (PBMCs) were compared. Whereas HIV-1
NL432 does not grow in monkey PBMCs, SIVMAC MA239
grows very well in the cells (25). HIV-2 GH123 (26) grows in
the monkey cells but more slowly than MA239 (our unpub-
lished observation). The sequence of CA is more highly con-
served among the three virus clones than are those of MA, NC,
and p6, but a heterologous region (CyPA binding loop [14]) of
6 to 8 amino acids in the N-terminal half of CA was readily
noticed (Fig. 1). In addition, because the N-terminal core do-
main of CA contains sequence important for early postentry

* Corresponding author. Mailing address: Department of Virology,
The University of Tokushima School of Medicine, 3-18-15 Kuramoto-
cho, Tokushima-shi, Tokushima 770-8503, Japan. Phone: 81-88-633-
7078. Fax: 81-88-633-7080. E-mail: adachi@basic.med.tokushima-u.ac.jp.

10527



steps (12, 16, 18), HIV-1/SIVMAC CA recombinants desig-
nated NL-SC1, NL-SC2, and NL-SC3 were constructed, as
shown in Fig 1A. Insertion of the whole SIVMAC CA sequence
into HIV-1 resulted in a replication-incompetent virus (10).
Recombinants NL-SC1, NL-SC2, and NL-SC3 contained
translationally silent mutations and were expected to express
chimeric CA. To obtain replication-competent virus clones
with a high possibility, more HIV-1/SIVMAC CA recombinants
with a small portion of the SIVMAC CA region, designated
NL-CAi1 and NL-CAi2, were constructed, as shown in Fig. 1B.
Deletion mutants designated NL-CAd1 and NL-CAd2 were
made as intermediates between wt NL432 and NL-CAi1 and
NL-CAi2.

On transfection into 293T cells (19) by calcium phosphate
coprecipitation (2), the recombinants NL-SC1, NL-SC2, and
NL-SC3 produced progeny virions as judged by reverse tran-
scriptase (RT) activity (31) in the culture supernatants (Table
1). The level of progeny production by recombinant NL-SC1
was significantly lower than that by wt NL432. The infectivity of
progeny virions derived from NL-SC1, NL-SC2, and NL-SC3
was also determined by the MAGI assay (17) (Table 1). None

of NL-SC1, NL-SC2, and NL-SC3 were infectious for MAGI
cells. The four clones NL-CAd1, NL-CAd2, NL-CAi1, and
NL-CAi2 were then examined for their progeny production
and infectivity, as described above. As shown in Table 1, all
four clones generated progeny virions on transfection into
293T cells. In particular, NL-CAi2 produced a similar level of
progeny to that of wt NL432. Moreover, only NL-CAi2 was
found to be infectious for MAGI cells. We then asked whether
the recombinants and mutants in Fig. 1 were infectious for
various human and simian lymphocytic cell lines including
M8166 (25), A3.01 (11), H9 (20), and HSC-F (5). HSC-F is a
CD4� CXCR4� CCR5� cynomolgus macaque (Macaca fas-
cicularis) cell line which displays a susceptibility to various HIV
and SIV strains similar to that of macaque monkey PBMCs
(our unpublished data). To monitor the growth in these lym-
phocytic cells of various virus clones in Fig. 1, input cell-free
virus samples were prepared from transfected 293T cells and
inoculated into the cell lines indicated in Table 1. The CA
recombinants NL-SC1, NL-SC2, and NL-SC3 did not grow at
all in M8166, A3.01, or H9 cells. Similarly, NL-CAd1, NL-
CAd2, and NL-CAi1 were not infectious for M8166, A3.01, or

FIG. 1. Structures of the CA recombinants and mutants used in this study. (A) Construction of CA recombinants NL-SC1, NL-SC2, and
NL-SC3. Three restriction enzymes (NsiI, SpeI, and XbaI from left to right in the schema) were used to make these recombinants. Two
translationally silent mutations were introduced to generate a NsiI site in MA239 CA and a XbaI site in NL432 CA. The SpeI site is commonly
present in authentic NL432 CA and MA239. Structural characteristics are indicated on the upper part. Numbers represent amino acid numbers
of NL432 CA. MHR, major homology region in CA (32). (B) Amino acid sequences of deletion and insertion mutants of NL432 CA. The
sequences of the mutants were compared to those of MA239 and NL432. The CyPA-binding loop of HIV-1 (14) is underlined. The structures of
the CA recombinants and mutants in the figure were confirmed by nucleotide sequencing.
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H9 cells. In contrast, recombinant NL-CAi2, which has a short
stretch of SIVMAC CA sequence (6 amino acids) (Fig. 1), grew
in all the cell lines in Table 1 except for HSC-F. While NL-
CAi2 grew in A3.01 and H9 cells with somewhat delayed ki-
netics relative to those of wt NL432, it did well in M8166 cells.
To determine the biochemical basis for the replication ability
of the recombinants and mutants in Table 1, 293T cells were
transfected with various clones and then cell lysates were pre-
pared and monitored for Gag expression by Western blotting.
As shown in Fig. 2A, all the clones expressed mature Gag p24,
and no major abnormality was observed.

Based on the structure of chimeric CA (Fig. 1), we predicted
that NL-CAi2 would grow in the cells in a CyPA-independent
manner as reported previously (1, 6, 8). To confirm this, we
examined the incorporation of CyPA into virions of various
virus clones as previously reported (6–9). 293T cells were
transfected with various clones, and the progeny virions pro-
duced were prepared by ultracentrifugation through a sucrose
cushion (7). Virion lysates were then subjected to Western blot
analysis as previously described (3, 4). As shown in Fig. 2B, the
protein profiles of virions of wt NL432, NL-CAd1, NL-CAd2,
NL-CAi1, and NL-CAi2 with respect to Gag were similar to
one another. In contrast, CyPA was detected only in the lysates
prepared from wt virions. The growth in lymphocytic cells of
NL432 and NL-CAi2 in the presence of cyclosporin A (CsA)
(Calbiochem-Novabiochem Corp., La Jolla, Ca.), which binds
with high affinity to CyPA, was then monitored (Fig. 3). Infec-
tion for this experiment was initiated by electroporation (2) of
proviral DNA clones into cells. Virus growth can be recognized
more rapidly by electroporation than by the routine infection
method, and the effect of cytotoxic drugs on the virus replica-
tion could be estimated in a short (our unpublished observa-
tion). The presence of CsA at 5 �M in the culture medium did
not appear to affect the cells during the observation period. In
M8166 cells, unexpectedly, wt NL432 and the recombinant
NL-CAi2 grew similarly well irrespective of the presence or
absence of CsA (Fig. 3). Both viruses also grew similarly well in
A3.01 cells in the presence of CsA. As monitored by Western
blot analysis, no significant incorporation of CyPA into NL432
virions was observed when infected M8166 and A3.01 cells

were cultured in the presence of CsA (data not shown). In H9
cells, while NL432 grew somewhat better than NL-CAi2 in the
absence of CsA, NL-CAi2 grew much better than NL432 in the
presence of CsA (Fig. 3).

In this study, we have demonstrated that an HIV-1 strain
containing 6 amino acid residues of SIVMAC CA in its CA (Fig.
1) replicates well in human cells in a CyPA-independent man-
ner like SIVMAC (9, 10) (Fig. 3). Although the virus designated
NL-CAi2 did not grow in monkey lymphocytic cells (Table 1),
this is the first Gag hybrid virus between HIV-1 and SIVMAC in
an HIV-1 background that is replication competent (10, 24).
Improvements of the Gag structure of NL-CAi2 may result in
the generation of hybrid viruses that are infectious for monkey
lymphocytic cells. The molecular basis for the replication in-
competence of various virus clones constructed in this study
(Fig. 1) is not clear. These virus clones generated progeny

FIG. 2. Analysis of Gag proteins expressed by various recombi-
nants and mutants. (A) Expression of Gag proteins in cells. 293T cells
were transfected with the proviral clones indicated (20 �g of each) (2),
and at 48 h posttransfection the cells were harvested for Western blot
analysis (3, 4, 31) using serum from an individual infected with HIV-1.
Because CAs of NL-SC1, NL-SC3, and NL-CAd2 were undetectable
or hardly detectable by the Gag p24 enzyme-linked immunosorbent
assay (ZeptoMetrix Corp., Buffalo, N.Y.), virus amounts were adjusted
by RT activity (31). Cr, pUC19; WT, pNL432. (B) Western blot anal-
ysis of the virion proteins. 293T cells were transfected with the proviral
clones indicated (20 �g of each) (2), and at 48 h posttransfection the
culture supernatants were harvested for virion preparation. Virions
were pelleted by ultracentrifugation through a sucrose cushion as pre-
viously described (7) and analyzed by Western blotting (3, 4, 31) with
a human anti-HIV-1 antiserum (upper panel) and a rabbit anti-CyPA
antiserum (BIOMOL Research Labs., Inc., Plymouth Meeting, Pa.)
(lower panel). Equal amounts of virions as determined by RT activity
were used. Cr, pUC19; WT, pNL432.

TABLE 1. Replication property of the CA recombinants
and mutants

Clone
Single-cycle replication (%)a Growth inb:

Virus production Infectivity M8166 A3.01 H9 HSC-F

NL432 (wt) 100 100 � � � �
NL-SC1 31 � 6 0 � � � ND
NL-SC2 77 � 1 0 � � � ND
NL-SC3 70 � 11 0 � � � ND
NL-CAd1 57 � 2 0 � � � ND
NL-CAd2 58 � 5 0 � � � ND
NL-CAi1 59 � 7 0 � � � ND
NL-CAi2 97 � 8 122 � 4 � �D �D �

a 293T cells were transfected with the proviral clones indicated (20 �g of each),
and at 48 h posttransfection virus production in the culture supernatants and
virus infectivity of the supernatants were monitored by RT (31) and MAGI (17)
assays, respectively. Titers relative to that of the wt clone are shown.

b The cells were infected with equivalent RT units of cell-free viruses prepared
from transfected 293T cells, and virus growth was monitored by RT production
in the culture supernatants for 3 weeks. �, no virus growth; �, virus growth; �D,
virus growth with delayed kinetics; ND, not done.
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virions on transfection, albeit relatively inefficiently (Table 1).
Furthermore, no drastic abnormality for the expression and
processing of Gag proteins was noted in cells and virions (Fig.
2). We noticed, however, that the virions of NL-SC1, NL-SC2,
NL-CAd1, NL-CAd2, and NL-CAi1 were unstable relative to
those of NL-SC3, NL-CAi2, and wt NL432 as judged by the
recovery of RT activity after ultracentrifugation (our unpub-
lished observation). It is possible that some chimeric CAs in
this report affected the stability of the virions. Identification of
the functional defect in these noninfectious viruses is impor-
tant, and a systematic functional study on these viruses needs
to be carried out.

Another point of this study is the identification of human
cell lines which support HIV-1 replication very well in the
presence of CsA (Fig. 3). In M8166 and A3.01 cells, HIV-1
clones with or without a functional CyPA-binding site grew

well in the presence or absence of CsA. In contrast to these
CyPA-independent cell lines, CyPA-dependent H9 cells
strongly supported the replication of HIV-1 lacking the CyPA-
binding site but not of HIV-1 with the binding site in the
presence of CsA (Fig. 3). It has been reported previously that
wt HIV-1 replicates in human PBMCs and in CEMx174, Jur-
kat, and HeLa-CD4� cells in a CyPA-dependent manner (1, 6,
8–10). The CsA sensitivity of HIV-1 replication in host cells
can be modulated by levels of CyPA expression (33). In M8166
and A3.01 cells in this study, wt HIV-1 grew well without
significant incorporation of CyPA into virions. It is very likely,
therefore, that some cell factor(s) other than CyPA is involved
in the replication of HIV-1 in the CyPA-independent cells such
as M8166 and A3.01. Identification of a cell factor(s) in human
and monkey cells that is responsible for the CyPA-independent
replication of HIV/SIV is intriguing and remains to be carried
out.

The exact role of CyPA in the early events of HIV-1 repli-
cation is not completely understood. It has been reported that
CyPA enhances HIV-1 replication at the stages of virus attach-
ment (22, 23) and uncoating (8). Although these functions are
not mutually exclusive, more experimental data are required to
obtain a clear model for the role of CyPA in HIV-1 replication.
The chimeric NL-CAi2 construct in this study is useful for our
understanding of the molecular basis of CyPA-independent
and -dependent replication of HIV-1.
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