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An important aspect of the pathophysiology of human immunodeficiency virus type 1 (HIV-1) infection is the
ability of the virus to replicate in the host vigorously without a latent phase and to kill cells with a dynamic
turnover of 1.8 � 109 cells/day and 10.3 � 109 virions/24 h. The transcription of HIV-1 RNA in acute infection
occurs at two stages; the transcription of viral spliced mRNA occurs early, and the transcription of viral
genomic RNA occurs later. The HIV-1 Tat protein is translated from the early spliced mRNA and is critical for
HIV-1 genomic RNA expression. The cellular transcription factors are important for HIV-1 early spliced
mRNA expression. In this study we show that virion nucleocapsid protein (NC) has a role in expression of
HIV-1 early spliced mRNA. The HIV-1 NC migrates from the cytoplasm to the nucleus and accumulates in the
nucleus at 18 h postinfection. Mutations on HIV-1 NC zinc fingers change the pattern of early viral spliced
mRNA expression and result in a delayed expression of early viral mRNA in HIV-infected cells. This delayed
HIV-1 early spliced mRNA expression occurs after proviral DNA has been integrated into the cellular genome,
as shown by a quantitative integration assay. These results show that virion NC plays an important role in
inducing HIV-1 early mRNA expression and contributes to the rapid viral replication that occurs during HIV-1
infection.

The human immunodeficiency virus type 1 (HIV-1) is a
retrovirus which replicates in host cells with a dynamic turn-
over rate of 1.8 � 109 cells/day and 10.3 � 109 virions/24 h (19,
27, 34). During the acute HIV-1 infection, viral RNA is ex-
pressed in two stages, early expression of the spliced mRNA
and later expression of the genomic RNA (21, 22). The Tat
protein is translated from an early spliced mRNA (8, 21, 22,
25). The basal-level activity of the HIV-1 long terminal repeat
(LTR) plays an important role in transcribing the HIV-1 early
spliced mRNA, and the cellular general transcriptional factors
appear to be major factors which regulate the LTR basal-level
activity (8, 12, 25, 26, 33, 35, 38). In this report we show that the
HIV-1 nucleocapsid protein (NC), a virion protein, contributes
to viral spliced mRNA expression in the early stages of HIV-1
infection.

HIV-1 NC has two copies of a cysteine-histidine motif
(CCHC) that is similar to the metal-binding finger domains of
several proteins that interact with nucleic acids (9, 20, 29). This
basic, hydrophilic protein binds genomic viral RNA in the
nucleocapsid and comprises the viral core with the HIV-1
capsid protein. Each HIV-1 virion contains �2,000 molecules
of NC (32). Virion NC enters cells with the viral genomic RNA
and accumulates in the nucleus 8 h after entry (16). The early
functions of NC in HIV-1 infection are reported as enhancing
the first- and second-strand viral DNA synthesis and enhancing
HIV-1 integrase activity in vitro (6, 11, 13, 18, 23; K. Musier-
Forsyth, R. Gorelick, A. Mangla, and M. Seffernick, Proc. 2000
Meet. Retroviruses, p. 21, 2000). We have previously shown
that NC binds to the HIV-1 LTR and enhances LTR-directed

gene expression in vitro and in vivo (37). In this report we show
that virion NC migrates from the cytoplasm to the nucleus at
10 h postinfection and that NC nuclear localization induces
viral spliced mRNA expression. This role of NC comes into
play after HIV-1 DNA has been integrated into the cellular
genome.

MATERIALS AND METHODS

Cells and viruses. H9 cells were grown in RPMI with 10% fetal bovine serum.
Human peripheral blood mononuclear cells (PBMC) were collected from
healthy blood donors and isolated with Ficoll-Hypaque gradients. The PBMC
were stimulated with phytohemagglutinin and cultured in RPMI with 20% fetal
bovine serum for 48 h before being used in the experiment. The viral pool of
HIV-1IIIB was collected from H9/HTLV-IIIB cell culture supernatant (NIH
AIDS Research & Reference Program). The HIV-1 NC mutants CCCC and
SSHS and the wild-type proviruses are gifts from R. Gorelick and L. Arthur (17,
18). The viral pools of HIV-1 NC mutants CCCC and SSHS and the wild type
were prepared from supernatant of 293T cell cultures after transfection (17, 18).
The viruses were subjected to titer determination by a 50% tissue culture infec-
tive dose (TCID50) assay (1) on H9 cells or PBMC before they were used in the
experiment.

HIV-1 acute infection. The H9 cells and human PBMC were acutely infected
with 3,000 TCID50 of each virus per 106 cells. The unattached viruses were
washed out with phosphate-buffered saline. The acutely infected cells were cul-
tured at 37°C and harvested at each time point. HIV-1 NC nuclear localization,
viral early-mRNA expression, and viral DNA integration were detected with
aliquots of cells which were acutely infected with wild-type and mutant viruses at
equal TCID50 and harvested 4, 8, 10, 16, 18, 22, 24, 30, 32, 46, and 48 h
postinfection.

Immunofluorescent staining. The nuclear staining method was used to exam-
ine the viral protein nuclear localization (31). A total of 106 cells were acutely
infected with 3 � 103 TCID50 of HIV-1IIIB, HIV-1 wild type, HIV-1 NC mutant
CCCC, or HIV-1 NC mutant SSHS. Aliquots of cells were harvested at each time
point and processed as described previously (31). Briefly, the cells were fixed with
fixing buffer containing 2% paraformaldehyde, permeabilized on ice with buffer
containing 0.2% Triton X-100, and blocked with blocking reagent (Dako,
Carpinteria, Calif.) before being stained. The primary antibody SP542 was a
mouse anti-human HIV-1 NCp7 monoclonal antibody which detects an epitope
in the N terminus of NC (17, 24). SP542 was a gift from R. Gorelick and L.
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Arthur. The fluorescent staining of this antibody was specifically blocked with
purified NC (HIV-1MN p7) but not with purified HIV-1 gp120 (data not shown).
A normal mouse immunoglobulin G (IgG) monoclonal antibody (Sigma, St.
Louis, Mo.) was used as a specificity control for SP542 and did not bind to
HIV-1-infected PBMC and H9 cells or to uninfected PBMC and H9 cells in our
assay conditions. The secondary antibody was an anti-mouse IgG-fluorescein
isothiocyanate (Sigma). The secondary antibody alone did not bind to the in-
fected or uninfected PBMC and H9 cells under our assay conditions. The stained
cells were preserved in mounting media and examined with a fluorescence
microscope (Nikon) at �100 magnification. The same immunofluorescent-stain-
ing method was used to stain the samples which were examined under a confocal
microscope, except that the second antibody was an anti-mouse IgG-Red613
(Molecular Probes, Eugene, Oreg.) which specifically labels the HIV-1 NCp7
monoclonal antibody and Sytox Green (Molecular Probes) was used to stain the
nucleus. The samples were examined under the confocal microscope (Zeiss LSM
5 PASCAL) using an oil lens (63.5�) with a VARIO 2 RGB laser scanning
module.

Isolation and detection of viral RNA. The total cellular RNA from the HIV-
1-infected and mock-infected cells were isolated with the RNeasy kit (Qiagen,
Valencia, Calif.) and purified with DNase following the RNeasy cleanup protocol
(Qiagen).

Isolation and detection of viral DNA. The cellular genomic DNA was isolated
from the HIV-1-infected and mock-infected cells, electrophoresed in a 0.5%
agarose gel, and purified with the Qiagen II gel extraction kit (Qiagen). The
HIV-1-integrated DNA was examined by Alu-LTR PCR as described previously
(5, 7, 15). The 2-LTR circle DNA was examined directly from the cellular
genomic DNA aliquots which were not gel purified.

RT-PCR assay. Reverse transcription-PCR (RT-PCR) was performed with the
OneStep RT-PCR kit as specified by the manufacturer (Qiagen). The sequences
of primers for HIV-1 spliced mRNA and cellular �-globin mRNA were as
previously described (22, 28, 36). The primer pair US and ART7, which was used
to detect tat, rev, and nef mRNAs, spans known splice junctions to amplify the
doubly spliced mRNAs for the regulatory proteins Tat, Rev, and Nef (22). The
sequences of the US and ART7 primers are 5�-TCTCTCGACGCAGGACTCG
GCTTGC-3� and 5�-TTCTATTCCTTCGGGCCTGTCG-3�, respectively (22,
36). The RT reaction was carried out at 50°C for 30 min. The initial PCR
activation was performed at 95°C for 15 min and was followed by 45 cycles of
denaturation at 94°C for 0.5 min, annealing at 50°C for 0.5 min, and extension at
72°C for 1 min. The final PCR products were examined on a 2% agarose gel after
electrophoresis. Aliquots of cells, which were collected at each time point and
were examined for HIV-1 NC localization, were examined for early viral spliced
mRNA expression. The same amount of total cellular RNA from each condition
was used in the RT-PCR assay.

Alu-LTR PCR and Southern hybridization assay. Two Alu-LTR PCR assays
were used to examine the HIV-1 integrated DNA in the cellular genome. The
first Alu-LTR assay examines the 5� LTR and the Alu sequence in the cellular
genome, and the second Alu-LTR assay examines the 3� LTR and the Alu
sequence in the cellular genome (5, 7, 15). The assays were performed as
previously described (5, 7, 15). Briefly, for the first Alu-LTR assay, a nested PCR
was carried out to examine the HIV-1 LTR in the purified cellular genomic
DNA. The PCR was performed by using the Taq polymerase (Gibco BRL,
Rockville, Md.) and a DNA thermal cycler (Perkin-Elmer, Foster City, Calif.).
The first PCR was performed with the nested primers Alu-LTR 5� from con-
served sequences of human Alu and Alu-LTR 3� from conserved HIV-1 LTR
sequences. The sequences of the primers are as follows: Alu-LTR, 5�-TCCCAG
CTACTCGGGAGGCTGAGG-3�; Alu-LTR 3�, 5�-AGGCAAGCTTTATTGA
GGCTTAAGC-3�. The samples were subjected to denaturation at 94°C for 4
min and then 30 cycles of denaturation at 94°C for 0.5 min, annealing at 55°C for
0.5 min, and extension at 72°C for 3 min. Following the initial PCR, a second
nested PCR amplification was carried out by using an aliquot equivalent to 1/400
of the 30-cycle PCR product. The primer sequences used in this inner-set PCR
are 5�-CACACACAAGGCTACTTCCCT-3� and 5�-GCCACTCCCCAGTCCC
GCCC-3�. Samples were subjected to an enzyme activation step at 94°C for 5 min
followed by 35 cycles of denaturation at 94°C for 0.5 min, annealing at 55°C for
0.5 min, and extension at 72°C for 1 min. The amplified PCR products were
electrophoresed on a 1.5% agarose gel. Southern hybridization followed the gel
electrophoresis and used 32P-end-labeled probes which are specific to the HIV-1
LTR (7). The aliquots of cells, which were collected at each time point and were
examined for HIV-1 NC localization and early viral spliced mRNA expression,
were examined for provirus integration. The same amount of genomic DNA
from each condition was used in the Alu-LTR PCR assay.

The second Alu-LTR PCR assay was a Taqman real-time PCR assay. The
Taqman Alu-LTR PCR and 2-LTR PCR assays were performed as described

previously (5). Briefly, the integrated viral DNA was detected with the four sets
of standards and two sets of primers and probes. A qualification standard is
derived from the known copy number of SM2 plasmid spiked with H9 cellular
DNA (5). In addition to the standards which are mentioned in reference 5, we
added another standard which was prepared from the gel-purified genomic DNA
of OM10.1 cells (4). This standard provided a reference curve and was used for
providing copy numbers derived from threshold cycles (CT value) which were
�36 cycles (Taqman protocol, Applied Biosystems, 2001; ABI Prism 7700 user
bulletin no. 2, Applied Biosystems, 2001) with 6-carboxyfluorescein (FAM). The
sequences of primers and probe are as follows: Late RT forward, MH531,
5�-TGTGTGCCCGTCTGTTGTGT-3�; Late RT reverse, MH532, 5�-GAGTCC
TGCGTCGAGAGAGC-3�; Late RT probe, LRT-P, 5�-(FAM)-CAGTGGCGC
CCGAACAGGGA-(TAMRA)-3�; Alu forward, MH535 (below); Alu reverse,
SB704, 5�-TGCTGGGATTACAGGCGTGAG-3�; and Alu probe, MH603 (be-
low). The primer and probe concentrations were the same as described in
reference 5, as were the amplification conditions. The viral DNA was detected
from cellular genomic DNA in 5 � 104 cells (500 ng) in quintuplicate, and the
copy number of viral DNA was read directly from the result report spreadsheet,
converted from the equivalent CT value with Sequence Detector V1.7 software.

The 2-LTR circles in the specimen were detected with 2-LTR primers and
probe, with a quantification standard derived from the DNA copy number of the
2-LTR circle plasmid spiked with H9 cellular DNA (5). The sequences of the
primers and probe are as follows: 2-LTR circle forward, MH535, 5�-AACTAG
GGAACCCACTGCTTAAG-3�; 2-LTR reverse, MH536, 5�-TCCACAGATCA
AGGATATCTTGTC-3�; and 2-LTR probe, MH603, 5�-(FAM)-ACACTACTT
GAAGCACTCAAGGCAAGCTTT-(TAMRA)-3�. The viral DNAs were
detected from cellular genomic DNA in 5 � 104 cells (500 ng) in quintuplicate,
and the copy number of viral DNA was read directly from the result report
spreadsheet, converted from the equivalent CT value with Sequence Detector
V1.7 software.

Densitometer tracing. The Hewlett-Packard ScanJet IIcx was used to scan the
gel photographs and photographic negatives. The density of each band was
analyzed by using ImageQuant (Molecular Dynamics) software. Results are
recorded as the direct reading on ImageQuant.

RESULTS

NC nuclear localization. HIV-1 NC has two zinc finger mo-
tifs which are similar to the zinc fingers of many cellular DNA-
binding proteins and transcriptional factors (3, 20, 29). In pre-
vious studies, virion NC has been found to migrate from the
cytoplasm to the nucleus by 8 h postinfection (16). In this
study, we examined the time course of virion NC nuclear lo-
calization by using immunofluorescent staining with a mono-
clonal antibody specific to HIV-1 NC. Our studies showed that
virion NC appeared in the cytoplasm at 4 h postinfection and
in the nucleus at 10 h postinfection. At 18 h postinfection, NC
accumulated predominantly in the nucleus, and at 32 h post
infection, it was found in both the nucleus and the cytoplasm
(Fig. 1). This pattern of NC nuclear localization was observed
in both human lymphatic cell line H9 cells (Fig. 1A) and in
PBMC (Fig. 1B) acutely infected with HIV-1IIIB. This nuclear
localization of NC was detected with a monoclonal antibody
specific for HIV-1 NC, and the fluorescent staining with this
antibody was blocked with purified NC (HIV-1MN p7) but not
with purified HIV-1 gp120 (data not shown). We further ex-
amined the NC nuclear localization with a confocal micro-
scope, at 4 and 18 h postinfection. At 4 h postinfection, NC
signal was detected in the cytoplasm of infected cells (Fig. 1C).
At 18 h postinfection, however, NC signal was clearly detected
in the nucleus. The yellow signal from the laser-scanning con-
focal microscope (Fig. 1C) represented the combination of the
NC (red staining of NC) and nuclear localization (green stain-
ing of DNA). We could count the number of cells which were
infected, with NC signals being detected by a confocal micro-
scope with a VARIO 2 RGB laser-scanning module. The NC
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detected in the nucleus at 18 h postinfection was in 45% of the
cells counted.

HIV-1 spliced mRNA expression in wild-type- and NC mu-
tant-infected cells. Since NC localized to the nucleus in the
early stages of viral infection, we examined its effect on HIV-1
LTR-directed early viral mRNA expression. We used a strat-
egy involving HIV-1 mutant viruses in an examination of NC
nuclear localization and early viral spliced mRNA expression.
These mutants are derived from HIV-1 pNL4-3, and the nu-
cleotide sequence of the wild type is identical to previously
published sequences (2, 17, 18). The CCCC mutant has an
H3C mutation in the first zinc finger (CCCC/CCHC) and has
nearly 100% of the viral RNA packaged into the virions as in

the wild-type virus. This mutant exhibits a slow replication
phenotype in cell culture compared to the wild-type HIV-1
(17). The SSHS mutant (pRB653) has C3S mutations in both
zinc fingers (SSHS/SSHS). This mutant has a low level of viral
RNA packaged in the virion and also shows a slow replication
phenotype in cell culture compared to the wild-type HIV-1
(18). Both mutants have normal virion morphology (17, 18).

We first examined the HIV-1 spliced mRNA expression in
H9 cells acutely infected with HIV-1IIIB. The HIV-1 tat, rev,
and nef mRNAs were expressed in the infected cells at 18 h
postinfection and were still detected at 32 h postinfection (Fig.
2A). These results are consistent with the results obtained
previously (21, 22, 36). We then examined the HIV-1 spliced

FIG. 1. NC nuclear localization by immunofluorescent staining. FITC, fluorescein isothiocyanate staining of HIV-1 NC (green); DAPI,
4�,6-diamidino-2-phenylindole staining of cellular DNA (blue). (A) NC is detected in the nucleus at 10 h postinfection and is localized
predominantly in the nucleus at 18 h postinfection in H9 cells acutely infected with HIV-1IIIB. (B) NC is detected in the nucleus at 10 h
postinfection and is localized predominantly in the nucleus at 18 h postinfection in PBMC acutely infected with HIV-1IIIB. (C) NC nuclear
localization examined with a confocal microscope with Sytox Green staining of cellular DNA (green) and Red 613 staining of HIV-1 NC (red).
At 4 h postinfection, the NC signal (red) is detected in the cytoplasm. At 18 h postinfection, the NC signal is clearly detected in the nucleus (yellow).
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mRNA expression in H9 cells acutely infected with wild-type
and NC mutant HIV-1. The wild-type HIV-1 expressed tat, rev,
and nef mRNAs at 18 h postinfection, similar to HIV-1IIIB.
The HIV-1 mutants CCCC and SSHS, which have mutations in
their NC zinc finger motifs, however, have dramatically de-
layed tat, rev, and nef spliced mRNA expression compared to
wild-type HIV-1 (Fig. 2B). The spliced mRNA could not be
detected from HIV-1 mutant CCCC-infected cells at any of the
time points assayed (Fig. 2B). In HIV-1 mutant SSHS-infected
cells, the spliced mRNA was detected but not until 48 h postin-
fection (Fig. 2B). The difference in the viral mRNA detection
at these time points cannot be attributed to a nonspecific effect
of the wild-type infection on cells which was not observed in
cells infected with the mutants. As shown in Fig. 2B, the den-
sitometer tracing of cellular �-globin mRNA for wild-type vi-
rus infection at 18 h is 1.60, for mutant CCCC it is 1.47, and for
mutant SSHS it is 1.44, indicating a similar capacity of these
infected cells to transcribe a cellular mRNA at this time postin-
fection.

Mutant NC nuclear localization. We examined the pattern
of NC nuclear localization in the cells which were infected with

the NC mutants to determine the relationship of NC nuclear
localization and early viral mRNA expression. Consistent with
the results of viral spliced mRNA expression, immunofluores-
cent staining showed a dramatically changed pattern of nuclear
localization of mutant NC with respect to wild-type NC. The
immunofluorescent staining of H9 cells showed that a majority
of the mutant CCCC NC remained in the cytoplasm at 4, 18,
and 48 h postinfection (Fig. 3). The strong localization of NC
in the nucleus at 18 h is best shown by confocal microscopy
(Fig. 1C). The mutant SSHS NC was localized in the cytoplasm
at 4 and 18 h postinfection but appeared in the nucleus only
very late at 48 h postinfection (Fig. 3). In comparison, the
wild-type NC was localized predominantly in the nucleus at
18 h postinfection and was detected in both nucleus and cyto-
plasm at 48 h postinfection (Fig. 3). This pattern of NC nuclear
localization was also observed in PBMC which were infected
with the wild-type versus the mutant viruses (data not shown).
The overlay exposure in Fig. 3 confirms that the NC from
mutant CCCC was not detected in the nucleus at 48 h postin-
fection but that the NC from the wild-type virus and from
mutant SSHS were detected in the nucleus.

FIG. 1—Continued.
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As shown in Fig. 2 and determined by the RT-PCR assay,
the early viral mRNA was not detected in cells infected with
NC mutant CCCC at the above time points, and in HIV-1
mutant SSHS-infected cells, the spliced mRNA was detected
but not until 48 h postinfection (Fig. 2B). In contrast, in the
wild-type-infected cells, the viral spliced mRNA was expressed
at 18 h postinfection, and these mRNAs continued to be de-
tectable at 48 h postinfection (Fig. 2B). Mutant NC protein
from CCCC and SSHS was not localized in the nucleus at 18 h
postinfection, in contrast to wild-type NC, which was present in
the nucleus at 18 h postinfection. Taken together, NC nuclear
localization correlated with the early viral mRNA expression

and a delayed NC nuclear localization resulted in a delayed
early viral mRNA expression.

Viral DNA of NC mutants is integrated in the cellular ge-
nome at 18 hours postinfection. It has been previously re-
ported that NC enhances HIV-1 reverse transcriptase activity
and plays a role in provirus integration (6, 11, 18, 23; Musier-
Forsyth et al., Proc. 2000 Meet. Retroviruses, 2000). We ex-
amined whether the shift in the pattern of viral spliced mRNA
expression is due to a delay in provirus formation in the in-
fected cells. We used an Alu-LTR PCR method which specif-
ically detects integrated HIV-1 DNA but not unintegrated
forms (7, 15, 30). The cellular genomic DNA was isolated and

FIG. 2. (A) Expression of HIV-1 tat, rev, and nef spliced mRNAs in H9 cells acutely infected with HIV-1IIIB. Lanes: 4 to 6, the HIV-1 tat (402
bp), rev (219/225 bp), and nef (203 bp) spliced mRNAs were expressed at 18 to 32 h postinfection; 8 to 12, �-globin mRNA expression from samples
in lanes 2 to 6 (the densitometer reading of each band is shown under the gel); 7 and 13, RT-PCR DNA controls (RNA sample without the RT
reaction). The aliquots of the cells in Fig. 1 were extracted for total cellular RNA, which was then digested with RNase-free DNase as previously
described (36, 37). RT-PCR was performed as described in Materials and Methods. (B) Delayed expression of HIV-1 tat, rev, and nef spliced
mRNAs in H9 cells acutely infected with HIV-1 NC mutants CCCC and SSHS. (Top) Lanes: 2 to 5, HIV-1 spliced mRNA was not detected in
cells infected with NC mutant CCCC; 6 to 9, HIV-1 spliced mRNA of SSHS was expressed only at 48 h postinfection; 10 to 13, HIV-1 spliced
mRNA of the wild type was expressed at 18 to 48 h postinfection. (Bottom) Lanes: 2 to 13, �-globin mRNA expression from samples in the top
panel (the densitometer reading of each band is shown under the gel); 14, RT-PCR DNA control.
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purified from the infected cells (5, 7, 15), which were infected
with either wild-type or HIV-1 NC mutants. The cells infected
with the NC zinc finger mutants showed a lack of tat, rev, and
nef mRNA expression from 18 through 32 or 48 h postinfec-
tion. The HIV-1 proviruses, however, were detected in the
cellular genomic DNA at 18 and 24 h after infection with the
wild type and NC mutants (Fig. 4). The Alu-LTR PCR method
did not detect the HIV-1 LTR in the cellular genomic DNA of
mock-infected cells and did not amplify the plasmid-derived
unintegrated form of HIV-1 DNAs, even when cellular
genomic DNA was spiked with the three linearized HIV-1
plasmid DNAs (Fig. 4). The densitometer tracing of the HIV

DNA bands at 24 h postinfection are 3.78 for the wild type,
3.03 for mutant CCCC, and 3.31 for mutant SSHS, indicating
that similar amounts of HIV-1 DNA were integrated with
these three viral infections.

Since the detection of the amount of integrated DNA and
the time of DNA integration for both mutant and wild-type
viruses are important measures for assessing the role of NC in
early viral spliced mRNA expression, we used a quantitative
Taqman real-time Alu-PCR assay to determine the integration
of viral DNA with these viruses. This assay involves Taqman
PCR techniques and determines the number of copies of the
HIV DNA integration in vivo (5). Using this technique, we

FIG. 3. Nuclear localization of NC following infection with the mutant strains. The wild-type NC was localized in the nucleus at 18 h
postinfection. The mutant NC (CCCC) was detected in the cytoplasm at 18 and 48 h postinfection but not in the nucleus. The mutant NC (SSHS)
was detected in the cytoplasm at 18 h postinfection and was localized in the nucleus at 48 h postinfection. The overlay pictures at 48 h postinfection
show a light blue color derived from an overlay of FITC and DAPI staining, which represented the nuclear localization of wild-type and mutant
NC (SSHS) at this time point. Mutant NC (CCCC) was detected in the cytoplasm at 48 h postinfection, and no light blue color was detected in
the nucleus. The aliquots of cells described in the legend to Fig. 2 were processed for immunofluorescent staining as described in the legend to
Fig. 1.
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determined the copy numbers of integrated viral DNA as well
as 2-LTR circles in cell aliquots which were infected with NC
mutants and wild-type virus. The integrated HIV-1 DNA and
2-LTR circle in cells infected with wild-type or mutant viruses
were determined at 18 and 24 h postinfection. The copy num-
ber of the viral DNAs was read directly from the result report
spreadsheet, which was converted from the equivalent thresh-
old cycle (CT) by using Sequence Detector V1.7 software. At

18 h postinfection, the integrated DNA copy number was 143
copies in 5 � 104 cells for the wild type, 118.2 copies in 5 � 104

cells for CCCC, and 139 copies in 5 � 104 cells for SSHS (Fig.
5). There was no statistically significant difference in the copy
number of integrated DNA observed in cells infected with NC
mutants and the wild-type viruses (t test, P � 0.5). At 24 h
postinfection, the integrated DNA copy number was slightly
decreased compared to that at 18 h postinfection (t test, P �
0.5). There was no significant difference in the amount of
integrated DNA detected at 24 h in cells infected with wild-
type or mutant viruses (t test, P � 0.5) (Fig. 5C). The inte-
grated DNA copy number of each virus was derived from
quintuple determinations with a standard deviation of 1.26 to
1.41 � 0.001 within the determinations. The amplification plot,
the standard curve of the Alu-LTR signal, and a range of
sample DNA examined by Taqman Alu-LTR PCR assay are
shown (Fig. 5A and B). Under our acute infection conditions,
the HIV-1 integrated DNA from infected cells could be de-
tected from 125 to 500 ng of cellular genomic DNA in dupli-
cate. CT values higher than or equal to 36 cycles were invalid
and were not used for the calculation of copy numbers in our
study.

The examination of 2-LTR circle production from these
viruses was performed by using the same aliquots of cellular
genomic DNA used above. The formation of 2-LTR circle was
nearly identical among these viruses when detected at 18 h
postinfection. The copy number of 2-LTR circle was 42 copies
in 5 � 104 cells in cells infected with the wild type, 47 copies in
5 � 104 cells in cells infected with NC mutant CCCC, and 43
copies in 5 � 104 cells in cells infected with NC mutant SSHS.
There was no statistically significant difference in 2-LTR circle
copy numbers detected in cells infected with the wild-type and
NC mutant viruses (t test, P � 0.5) (Fig. 6B). The 2-LTR circle
copy number of each virus was derived from quintuplicate
determinations with a standard deviation of 1.05 to 1.21 �
0.001. We were unable to detect the 2-LTR circle signal in
DNA aliquots of cells infected with these viruses at 24 h postin-
fection (CT value, �36 cycles). A standard curve of 2-LTR
circle signal expressed in CT value versus copy number is
shown (Fig. 6A).

Taken together, these data show convincingly that at 18 and
24 h postinfection, the proviral DNA of both wild-type and NC
mutant viruses had already integrated into the cellular ge-
nome, and the amount of provirus formation by the wild-type
and mutant viruses was very similar by a Taqman real-time
quantitative PCR assay. The mutation in the NC of these
mutants shows a significant effect on viral RNA expression
determined by the in vivo studies, and this effect is not ex-
plained by a difference in proviral integration. The two Alu-
LTR PCR assays confirmed that the HIV-1 DNA of wild-type
and mutant viruses is already present in the cellular genome at

FIG. 4. Mutant HIV-1 proviruses are integrated into the cellular
genome at 18 h postinfection. (A) Lanes contain a marker (lane 1), the
HIV-1 LTR in genomic DNA of cells infected with wild-type (lane 2),
CCCC (lane 3), and SSHS (lane 4) viruses at 18 h postinfection, and
the HIV-1 LTR from linear plasmid DNA of wild-type, CCCC, and
SSHS strains which were mixed with cellular DNA (lanes 5 to 7) and
the HIV-1 LTR from cellular genomic DNA of cells subjected to mock
infection (lane 8). (B) Southern blot analysis of samples shown in panel
A. (C) Same as in panel A, except that the HIV-1 LTR was examined
at 24 h postinfection. (D) Same as in panel B, except that the HIV-1
LTR was examined at 24 h postinfection. The cell aliquots described in
the legend to Fig. 2 were purified for cellular genomic DNA and were
amplified with Alu-LTR primers and then with nested LTR primers
specific for the HIV-1 LTR (7). The results of a nested PCR are
shown.

FIG. 5. HIV-1 DNA integration examined by the comparative CT method. (A) Amplification plot of the Taqman Alu-LTR real-time PCR assay.
(B) Alu-LTR signal standard curve versus integrated viral DNA signal in the unknown specimens. Note that the CT value and the copy number
are in a reverse ratio; the higher the CT number, the lower the copy number in the specimen. The integrated viral DNA signal in the specimen
is represented as red dots, and the Alu-LTR standard is represented as black dots. The figure shows a titrated range of HIV-1 integrated DNA
detected in the specimens (red dots) of cells infected with NC mutant virus SSHS under our acute-infection conditions. The integrated viral DNA
signal is detected in 125 to 500 ng of cellular genomic DNA in duplicate. In the mock infection control, the sample DNA with a concentration
higher or lower than the above range is unable to show the Alu-LTR signal (CT, �40 cycles). The unknown sample with a CT value of �36 cycles
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is invalid and does not have a converted copy number by the comparative CT method (Taqman protocol, Applied Biosystems, 2001; ABI Prism
7700 user bulletin no. 2; Applied Biosystems, 2001) in this study. (C) HIV-1 DNA integration of wild-type and NC mutant viruses examined by
the comparative CT method. Speckled white bar, CT value of HIV-1 integrated DNA of wild-type virus; speckled black bar, CT value of HIV-1
integrated DNA of NC mutant CCCC; solid white bar, CT value of HIV-1 integrated DNA of NC mutant SSHS. Times were 18 and 24 h
postinfection. The samples were examined in quintuplicate, and the standard deviations are shown.
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18 h postinfection, and the copy number of integrated viral
DNA is equivalent between the wild-type and mutant viruses.
These results show that the mutations in the NC zinc finger
motifs affect LTR-directed early spliced mRNA expression
and that this effect of NC occurs after the HIV-1 DNA is
integrated into the cellular genome.

DISCUSSION

Our data show that wild-type HIV-1 NC accumulated pre-
dominantly in the nucleus at 18 h postinfection. Mutations in
NC zinc finger domains impaired NC nuclear localization and
also retarded HIV-1 early spliced mRNA expression. This

FIG. 6. HIV-1 2-LTR circle examined by the comparative CT method. (A) Standard curve of 2-LTR circle signal expressed by CT value versus
known copy number derived from 2-LTR circle plasmid (5). Note that the higher CT value represents a lower copy number. The valid CT numbers
of the 2-LTR circle Taqman real-time PCR assay were �36 cycles. (B) HIV-1 2-LTR circle of wild-type and NC mutant viruses examined by the
comparative CT method. Speckled white bar, CT value of HIV-1 2-LTR circle of wild-type virus; speckled black bar, CT value of the HIV-1 2-LTR
circle of NC mutant virus CCCC; solid white bar, CT value of HIV-1 2-LTR circle of NC mutant virus SSHS. Times were 18 and 24 h postinfection.
The samples were examined in quintuplicate, and the standard deviations are shown.
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change in HIV-1 early spliced mRNA expression occurs after
the HIV-1 provirus integration into the cellular genome. Den-
sitometer readings of the HIV-1 DNA bands reveal that sim-
ilar amounts of HIV-1 DNA are integrated at 24 h postinfec-
tion by both wild-type and mutant viruses, so that the profound
differences in early spliced mRNA expression are not explain-
able by a marked difference in provirus integration. Our data
do not reveal the mechanism whereby NC regulates early viral
spliced mRNA expression, but they clearly indicate that an
HIV-1 virion protein is contributing to HIV-1 early-gene tran-
scription. It is important to distinguish the specific roles of NC
in enhancing RT, enhancing proviral integration, and regulat-
ing early spliced mRNA expression since the interaction of NC
with LTR occurs in all three processes (6, 11, 18, 37; Musier-
Forsyth et al., Proc. 2000 Meet. Retroviruses, 2000). When
combined with the data in our previous paper (37) showing
that HIV-1 NC binds to HIV-1 LTR and enhances transcrip-
tion from the LTR, our data presented here show that follow-
ing nuclear localization and provirus integration, NC induces
HIV-1 early spliced mRNA expression in HIV-1-infected cells.

We used an immunofluorescence assay to detect NC local-
ization following viral entry and examined the localization of
wild-type and mutant NC in a system where HIV infects the
host cells. Our results with light fluorescent and confocal mi-
croscopy show that the virion NC migrates from the cytoplasm
to the nucleus at 10 h postinfection and accumulates predom-
inantly in the nucleus at 18 h postinfection. At 18 h postinfec-
tion, approximately 45% of cells show NC in the nucleus. At 24
and 32 h postinfection, the NC signal is detected in both the
nucleus and the cytoplasm. The NC signal detected 4 to 18 h
postinfection appears to represent the pathway of virion NC
migration to the nucleus during this time, based on immuno-
fluorescent staining at different time points following the viral
infection. The NC signal detected at 24 and 32 h, however, may
represent two conditions. First, de novo-synthesized NC was
detected in the form of Gag polyproteins present in the cyto-
plasm at this time. Second, the virion NC shuttled back to the
cytoplasm. Considering the results of previous studies by other
researchers, the first condition appears to be more likely since
NC is detected in 45% of cells at 18 h postinfection. It is known
that mature NC follows a pathway different from Gag polypro-
tein in the HIV-1 infection. It has been previously shown that
virion NC migrates toward the nucleus and localizes in the
nucleus following viral entry (16). Gag polyprotein migrates
toward the cytoplasmic membrane and buds off from the host
cell in HIV infection (14).

The localization of the NC from the two mutants was also
examined in our study. The immunofluorescent-staining assay
showed that mutant NCs entered the cytoplasm with a similar
pattern to the wild type but had a significant delay in the
nuclear expression compared to the wild type. Mutant NC of
CCCC virus remained in the cytoplasm at 48 h postinfection,
and mutant NC of SSHS virus remained in the cytoplasm at
18 h postinfection and was detected in the nucleus only at 48 h
postinfection. In contrast, the wild-type NC accumulated pre-
dominantly in the nucleus at 18 h postinfection; 48 h postin-
fection, the signal was detected in both the cytoplasm and
nucleus (Fig. 3). This is best shown in the confocal microscopy
overlay picture of NC localization at 18 h postinfection (Fig.
1C). The delay in nuclear localization of the mutant NCs cor-

relates with a delayed expression of early viral spliced mRNA
(Fig. 2B). In addition, the two mutant viruses have delayed
viral replication in viral multiplication assays (17, 18). Our
study shows that a delayed early viral spliced mRNA expres-
sion could be a factor in the slow replication of these viruses.
A delay in early RNA transcription could produce a delay in
the production of genomic RNA.

The NC mutants CCCC and SSHS have point mutations in
their zinc finger motifs. The CCCC mutant has the first CCHC
zinc finger mutated to the steroid hormone receptor CCCC,
and the SSHS mutant has the CCHC of both zinc fingers
mutated to SSHS which is severely defective in zinc binding
(17, 18; Musier-Forsyth et al., Proc. 2000 Meet. Retroviruses,
2000). Although these mutations in NC have different effects
on the efficiency of HIV-1 first- and second-strand DNA syn-
thesis examined by in vitro RT and tRNA primer unwinding
and annealing assays (18; Musier-Forsyth et al., Proc. 2000
Meet. Retroviruses, 2000), the HIV-1 DNA is easily detected
in cells infected with these mutants (17, 18). In agreement with
the viral culture studies, we found that the proviruses of the
two NC mutants were detected in the cellular genome at 18 h
postinfection, similar to that of the wild-type virus. At 24 h,
quantitation by densitometer tracings reveals that very similar
amounts of integrated DNA are present with the wild-type and
mutant infections and the profound differences in early mRNA
expression are not likely to be due to a difference in the
amount of integrated provirus at 24 h. Previous studies have
suggested that the sequences surrounding the NC zinc fingers
are important for HIV-1 NC nucleic acid binding (9, 23). Our
results suggest that mutations that change the type of finger
rather than preventing the binding of zinc (17, 18; Musier-
Forsyth et al., Proc. 2000 Meet. Retroviruses, 2000) abolish the
pattern of NC nuclear localization and early viral mRNA ex-
pression but do not prevent provirus integration.

Since it is important to establish that the role of NC in early
RNA expression is not explained by a difference in proviral
DNA integration with wild-type and mutant viruses, we used
two Alu-LTR PCR assays to examine the integration of HIV-1
DNA among these viruses. The first Alu-LTR PCR assay uses
a set of primers which detect the HIV-1 DNA integration from
the 5� LTR (7). The second Alu-LTR PCR assay, the Taqman
PCR, uses probes and primers which detect the HIV-1 DNA
integration from the 3� LTR (5). Both assays show that HIV-1
DNA was detected in the cellular genome at 18 and 24 h
postinfection of both wild-type and NC mutant viruses, but the
wild-type virus expresses viral RNA and the NC mutants ex-
hibit a delayed viral RNA expression or a reduction in the
amount of mRNA produced so that it is not detected by the
PCR assay. The two assays are based on different PCR mech-
anisms; therefore, one cannot directly compare the band den-
sity from one PCR assay with the copy number from the other.
Nevertheless, each assay has its own merit and has examined
viral DNA integration in the 5� to Alu sequence and in the 3�
to Alu sequence from cellular DNA following infection with
the NC mutant and wild-type viruses. In comparison, the Alu-
PCR assay with the nested PCR technique is simpler and more
economical and can detect the viral DNA integration in clinical
samples (7, 15). The Taqman PCR assay emphasizes the spec-
ificity of detection of a target sequence and detects the viral
DNA integration well if the 3� LTR and Alu sequences are
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within the 250-bp range. Furthermore, the Taqman real-time
PCR assay provides a copy number for HIV-1 DNA integrated
per cell and showed that the wild type and mutants have similar
amounts of integration at 18 and 24 h postinfection. The
2-LTR circle assay also showed that similar amounts of HIV-1
DNA are being formed in the nucleus but that this is not
integrated. These controls strongly support our finding that the
HIV-1 NC is playing a role in HIV-1 early mRNA expression.
Taken together, our results demonstrate a functional role of
NC in inducing early viral mRNA expression and that this
function of NC occurs after the viral DNA integration.
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