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Human immunodeficiency virus type 1 integrase (HIV-1 IN) is thought to have several putative roles at steps
prior to integration, such as reverse transcription and nuclear transport of the preintegration complex (PIC).
Here, we investigated new functional aspects of HIV-1 IN in the context of the viral replication cycle through
point mutagenesis of Ser, Thr, Tyr, Lys, and Arg residues conserved in IN, some of which are located at possible
phosphorylation sites. Our results showed that mutations of these Ser or Thr residues had no effect on reverse
transcription and nuclear transport of PIC but had a slight effect on integration. Of note, mutations in the
conserved KRK motif (amino acids 186 to 189), proposed previously as a putative nuclear localization signal
(NLS) of HIV-1 IN, did not affect the karyophilic property of HIV-1 IN as shown by using a green fluorescent
protein fusion protein expression system. Instead, these KRK mutations resulted in an almost complete lack
of viral gene expression due to the failure to complete reverse transcription. This defect was complemented by
supplying wild-type IN in frans, suggesting a trans-acting function of the KRK motif of IN in reverse tran-
scription. Mutation at the conserved Tyr 143 (Y143G) resulted in partial impairment of completion of reverse
transcription in monocyte-derived macrophages (MDM) but not in rhabdomyosarcoma cells. Similar effects
were obtained by introducing a stop codon in the vpr gene (AVpr), and additive effects of both mutations
(Y143G plus AVpr) were observed. In addition, these mutants did not produce two-long terminal repeat DNA,
a surrogate marker for nuclear entry, in MDM. Thus, the possible impairment of Y143G might occur during
the nuclear transport of the PIC. Taken together, our results identified new functional aspects of the conserved
residues in HIV-1 IN: i) the KRK motif might have a role in efficient reverse transcription in both dividing and
nondividing cells but not in the NLS function; ii) Y143 might be an important residue for maintaining efficient

proviral DNA formation in nondividing cells.

Retroviruses establish a proviral state in which a double-
stranded DNA copy of the viral genomic RNA is integrated
into the host genome in a stable manner, through several steps
following binding and entry into the target cell. These early
events include uncoating, reverse transcription, nuclear trans-
port of the viral genome, and integration. The viral enzyme
integrase (IN) is encoded by the pol gene and the attachment
(att) site located at the U3 and U5 termini of the viral DNA
and is required for integration, which is the last event (6, 14,
43, 47, 53, 56, 57, 61, 66, 74). The detailed mechanism of
retroviral integration has been elucidated from in vitro studies
using recombinant IN protein and a synthetic DNA substrate
mimicking the viral att sites. These studies, using in vitro as-
says, have contributed much information toward the currently
accepted mechanism of retroviral integration (reviewed in ref-
erences 34, 42, and 75). Mutational and structural studies of
human immunodeficiency virus type 1 (HIV-1) IN have iden-
tified three functional domains: a central catalytic core do-
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main, an N-terminal zinc binding domain, and a C-terminal
nonspecific DNA binding domain. The core domain contains
the highly conserved D,D35E motif, which is directly involved
in the catalytic activities of IN (7, 23, 46, 48). The N-terminal
domain contains a highly conserved HHCC motif, which binds
to zinc. Through a tetrahedral attachment to the HHCC motif,
zinc enhances both multimerization and enzymatic activities of
HIV-1 IN in vitro (5, 8, 21, 79). The C terminus, consisting of
a structure that closely resembles Src homology 3 domains,
possesses sequence- and metal ion-independent DNA binding
activity (20, 51). Each domain has been demonstrated to form
a dimer or higher multimerization state of IN (8, 19, 20), which
might be required for its full activity (13, 21, 22, 66, 70, 73).
Genetic analysis of HIV-1 IN has demonstrated multiple
effects of mutations at steps distinct from integration. These
steps include correct viral particle formation (24, 59), uncoat-
ing (54, 59), and reverse transcription (49, 54). During the
early events of the infection cycle, prior to integration, around
50-100 protomers of IN exist as one of the major components
of the preintegration complex (PIC). This is composed of the
viral genome, the matrix protein (MA), viral protein R (Vpr),
and other viral and host proteins (3, 4, 26, 27). A small number
of protomers of IN are thought to be sufficient for the integra-
tion reaction. The multiple effects of IN mutations suggest that
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IN has roles during the early events prior to integration, such
as reverse transcription and nuclear transport of the PIC. Sev-
eral important aspects of these putative roles in the context of
the viral replication cycle still remain to be determined. Cel-
lular or viral cofactors may participate in the steps leading to
integration in vivo. The host factors HMG-I(Y) (26, 36), Inil
(integrase interactor 1) (40, 41), and BAF (barrier-to-autointe-
gration factor) (12) are associated with IN and stimulate inte-
gration activity. Recently, it has been reported that DNA-
dependent protein kinase is involved in the completion of the
integration process (18). On the other hand, HIV-1 IN has
been shown to interact with importin alpha-karyopherin, the
cellular nuclear localization signal (NLS) receptor, and to fa-
cilitate nuclear transport of the PIC (31). Transport of the PIC
from the cytoplasm into the nucleus is thought to be a key step
in establishing proviral DNA formation of HIV-1 in nondivid-
ing cells such as macrophages (reviewed in reference 3). It has
been reported that phosphorylation of a Tyr residue on MA
governs HIV nuclear import (32). However, results pertaining
to MA function in the nuclear import process are controversial
(29, 30). The NLS presented in MA might be weak and insuf-
ficient to ensure effective import of the PIC (4, 58). In addition,
Vpr is thought to act as a key regulator of nuclear import of
HIV-1, enhancing the affinity of the putative NLS to the host
nuclear pore complex (1, 2, 15, 28, 30, 35, 52, 64). These
observations suggest that proteins other than MA, most prob-
ably IN, possess the NLS, enabling HIV-1 to infect nondividing
cells with Vpr helper function.

Phosphorylation of viral proteins also plays an important
role in the regulation of the viral life cycle. Identification of the
virion-associated kinase and the mitogen-activated protein ki-
nase (known as ERK or MAPK) suggested that an MAPK
signal transduction pathway in the host cell might regulate an
early step in HIV-1 infection (38). The phosphorylation status
of IN after infection and its role(s) during early events in the
retroviral infection cycle are poorly understood. In this study,
we generated a series of HIV-1 IN mutant clones carrying
single-amino acid substitutions at conserved Ser, Thr, or Tyr
residues; some of them are located at a possible motif for
phosphorylation by casein kinase II (CK-1I) or protein kinase
C (PKC). Furthermore, we introduced point or deletion mu-
tations in the conserved Lys and Arg residues, reported to be
the putative NLS of HIV-1 IN (31). Genetic analysis of HIV-1
IN mutants in the present study showed that in the context of
the viral infection cycle, the KRK motif in HIV-1 IN has a
trans-acting function which is important for the completion of
reverse transcription in both dividing and nondividing cells. In
addition, Y143 may be a key residue for efficient proviral
formation in nondividing cells.

MATERIALS AND METHODS

Construction of mutants. DNA fragments for mutagenesis of HIV-1 IN were
derived from the HIV-1 pNL43lucAenv vector (54, 62) in which the env gene is
defective, allowing the formation of pseudotypes, and the nef gene is replaced
with the firefly luciferase (Luc) gene. For mutagenesis of Thr and Tyr residues
(T66A, TI3A, T125A, and Y143G), a 1.6-kb fragment of the pNL43lucAenv
vector, spanning the Kpnl and Sall sites (nucleotides [nt] 4154 to 5785), was
subcloned into pBluescript SK(+) (Stratagene, Calif.) (pSKnlIK/S). To introduce
mutations at each residue, four mutagenic primers were designed to span the
Nsil and AfII sites (nt 4377 to 4743). Products amplified by PCR with each
mutagenic primer pair were digested with Nsil and AflIl. Then, the mutant
fragments were ligated to Nsil-AflII-digested pSKnlIK/S. After confirmation of
mutation by DNA sequence analysis, KpnlI-Sall fragments (nt 4154 to 5785)
containing each mutation were ligated to the fragment spanning nt 1507 to 4154
to generate the 4.2-kb Spel-Sall fragment (nt 1507 to 5785). The Spel/Sall
fragments, containing each mutation, were inserted back into the pNL43lucAenv
vector. For mutagenesis of the Ser residues (S195A and S283A) or Lys and Arg
residues (K186Q, AKRK, and K211N), mutagenic primers were designed to span
the AfIII and Ndel sites (nt 4743 to 5172) of the pNL43lucAenv vector. The
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products amplified by PCR using each mutagenic primer pair, were subcloned
into an AfIII-Ndel-digested pGEMS5-5Zf(+) vector (Promega, Madison, Wis.),
containing pNL43lucAenv (nt 1507 to 5122 [Spel-Ndel fragment]). The 3.6-kb
fragment of pNL43lucAenv spanning the Spel and Ndel sites (nt 1505 to 5122),
which contained each mutation, were inserted back into the pNL43lucAenv
vector. DNA sequence analysis showed that the K211N mutant fragment con-
tained an additional mutation of G to A at nt 4874, resulting in a Gly-to-Arg
substitution at amino acid 189. We therefore termed this mutant K211N G/R.
For preparation of the Vpr-defective clone (AVpr), a stop codon (TAA) was
introduced in the vpr open reading frame at nt 5624 to 5626 using mutagenic
primers 5'-TAAGCTAACTTAAGAGTGAA-3' (nt 5624 to 5645). This muta-
tion site was 7 nt downstream to the end of the vif open reading frame. To
generate the double mutant, Y143G&AVpr, the Ndel-Sall fragment (nt 5124 to
5785) which contained the AVpr mutation was replaced with the corresponding
region of the Spel-Sall pBluescript SK(+) vector containing the Y143G muta-
tion. The Spel-Sall fragment containing both mutations was inserted back into
the pNL43lucAenv vector. To prepare the eukaryotic expression vector for
HIV-1 IN fused to green fluorescent protein (GFP), the entire coding region of
HIV-1 IN was amplified by PCR and inserted into the pCMX-SAH/Y145F
vector (kindly provided by Kazuhiko Umesono and Hidesato Ogawa, Kyoto
University, Kyoto, Japan) at the Sa/l and BamHI sites. Primers used for ampli-
fication of HIV-1 IN were as follows: GFPIN-sense (5'-ACGCGTCGACGTCG
GCCATAGCGGCCTTTTTAGATGGAATAGAT-3") and GFPIN-antisense
(5'-CGCGGATCCGCGTTAATCCTCATCCTGTCTACT-3"). Similarly, IN-
coding regions carrying each mutation were amplified by PCR using each mutant
plasmid (pNL43lucAenv) as a template. The amplified region and cloning junc-
tions were confirmed by DNA sequencing.

Cell culture and isolation of human MDMs and PBLs. COS, human rhabdo-
myosarcoma (RD), and HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum. Human monocyte-derived
macrophages (MDMs) and peripheral blood lymphocytes (PBLs) were obtained
from peripheral blood. Briefly, peripheral blood was obtained from the buffy
coats of healthy, HIV-seronegative blood donors, and peripheral blood mono-
nuclear cells were separated over a Ficoll-Hypaque gradient (Ficoll-Paque
PLUS; Amersham, Pharmacia Biotech, Tokyo, Japan). Peripheral blood mono-
nuclear cell suspensions were incubated for adhesion onto the plastic of a tissue
culture dish in RPMI 1640 (GIBCO BRL, Long Island, N.Y.) containing 10%
human AB serum (Sigma, St. Louis, Mo.) for 2 h. Nonadherent cells (PBLs) were
then stimulated with 1% phytohemagglutinin (Difco Laboratories, Detroit,
Mich.). These cells were grown in RPMI 1640 medium containing 2 ng of
recombinant interleukin 2 (Shionogi, Osaka, Japan) per ml and 10% fetal bovine
serum. Adherent cells were detached with Cell Dissociation Solution (Sigma)
and cultured in RPMI 1640 medium, supplemented with 10% human AB serum.
The cells were >98% macrophages as judged by fluorescence-activated cell
sorter analysis using an anti CD14 monoclonal antibody (DAKO, Kyoto, Japan)
and nonspecific esterase activity.

Virus preparation and infection. Pseudotype viruses were generated by co-
transfection of COS cells with the pNL43lucAenv vector, containing each IN
mutation, and an amphotropic Moloney murine leukemia virus (MuLV) enve-
lope expression vector (pJD-1) or a macrophage-tropic HIV envelope expression
vector (pJR-FL), using Lipofectamine (GIBCO BRL). The culture supernatants
(5 ml) of the transfected COS cells were harvested 48 h posttransfection, filtered
through 0.45-pm-pore-size filters, and used as virus preparations. Each virus
preparation was treated with DNase I (40 pg/ml; Worthington) in the presence
of 10 mM MgCl, at 37°C for 1 h to avoid DNA contamination. An aliquot of each
virus preparation was incubated at 65°C for 1 h and used as a heat-inactivated
control. To monitor the amount of virus in each preparation, HIV-1 p24 antigen
levels were determined by an enzyme immunoassay system (EIA-II; Abbott
Diagnostika, Wiesbaden-Delkengeim, Germany). To monitor viral gene expres-
sion from each plasmid vector, luciferase activity in transfected COS cells was
also measured. At 48 h posttransfection, COS cells were lysed with 1 ml of 1X
luciferase lysis buffer (Promega). One microliter of each cell lysate was subjected
to the luciferase assay. RD cells (5 X 10%), MDMs (5 X 10°) or PBLs (1 X 10°)
were infected with an aliquot (1 ml) of DNase-treated virus. The infection
proceeded in the presence of Polybrene (10 wg/ml) at 37°C. After incubation for
3 h, the viruses were removed and the cells were overlaid with fresh media and
incubated at 37°C.

Luciferase activity. For luciferase analysis, infected cells were harvested at 4
days postinfection. The total cell pellets from each well were washed twice with
phosphate-buffered saline (PBS) and lysed with 200 pl (RD), 150 pl (MDM) or
100 wl (PBL) of 1X luciferase lysis buffer (Promega). Ten microliters of each cell
lysate was subjected to the luciferase assay.

Analysis of HIV-1 DNA synthesis and formation of two-LTR circles. Total cells
were harvested from each well at 2 and 6 days postinfection for RD cells and
harvested from each well at 3 days post-infection for MDMs. After washing with
PBS, nucleic acids were extracted as described elsewhere (78). Briefly, cells were
disrupted in urea lysis buffer (4.7 M urea, 1.3%, sodium dodecyl sulfate [SDS],
0.23 M NaCl, 0.67 mM EDTA [pH 8.0], 6.7 mM Tris-HCI [pH 8.0]) and sub-
jected to phenol-chloroform extraction and ethanol precipitation. The resulting
DNA pellet was resuspended in 50 pl of water. An aliquot (5 pl) of each sample
was subjected to PCR using primer pairs specific for the R-US region of HIV-1
(M667/AASS) or the R-gag region (M667/M661) as described elsewhere (78).
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Detection of HIV-1 DNA sequences by each primer pair was performed using 35
cycles of 95°C for 1 min, 65°C for 2 min, and 72°C for 2 min. For HIV-1 DNA
standards, 10 to 25,000 copies of linearized HIV-1 JR-CSF DNA were amplified
in parallel. Amplified products were resolved on a 2% agarose gel and stained
with Syber-green (FMC Bioproduct, Rockland, Maine). To normalize the
amount of cellular DNA in the samples, a primer pair complementary to the first
exon of the human B-globin gene was used. For detection of human B-globin
DNA, 20 cycles of amplification were performed under the same conditions as
those for the HIV-1 DNA amplification. A standard curve for human B-globin
DNA was obtained by amplifying known amounts of cellular DNA from RD or
MDM cells in parallel. Quantitative analysis of amplified products was per-
formed using the Epi-Light UV FA1100 system with a Luminous Imager (Aisin
Cosmos R&D Co.). To further examine the rate of viral DNA synthesis, real-
time quantitative PCR (TagMan PCR detection; Perkin-Elmer, Applied Biosys-
tems Division, Foster City, Calif.) was used. Fluorogenic probes were designed to
anneal to the target between the sense primer and the antisense primer in the
R-US and the R-gag region: 5'-TAGTGTGTGCCCGTCTGTTGTGTGAC-3’
and 5'-CCGAACAGGGACTTGAAAGCGAAA-3', respectively. To analyze
the two-long terminal repeat (two-LTR) circular DNA in nuclei, PCR was
performed using specific primers as previously described (24). The amplified
products of the two-LTR junction sequence were further subjected to nested
PCR with the following internal primers: 5'-AATCTCTAGCAGT-3' and 5'-G
TCAGTGGATATCTGATCCCTG-3'. The PCR products were detected as de-
scribed above.

Western blot analysis. Viruses were concentrated in an ultracentrifuge (1 h at
315,000 X g using a Beckman TLX-100 centrifuge with a TLA-100.4 rotor), and
the pellets were resuspended in PBS. Viral proteins containing approximately 10
ng of p24 were subjected to SDS-12% polyacrylamide gel electrophoresis. Fol-
lowing blotting of proteins onto a nitrocellulose membrane (ATTO, Tokyo,
Japan), the membrane was first incubated with antiserum from AIDS patients
(provided by Y. Koyanagi, Tohoku University, Sendai, Japan) followed by horse-
radish peroxidase-conjugated anti-human immunoglobulin. HIV-1 proteins were
visualized using an enhanced chemiluminescence detection system (Amersham,
Pharmacia Biotechnology).

Fluorescence microscopy. HeLa cells (4 X 10*) were seeded onto poly-p-
lysine-coated eight-well Culture Slides (Becton Dickinson Labware, Bedford,
Mass.) and transfected with the indicated plasmids using Effectene Transfection
Reagent (Qiagen, Hilden, Germany). At 24 h posttransfection, cells were washed
once with PBS and fixed with acetone for 5 min. After washing with PBS, cells
were mounted in 90% glycerol-50 mM NaHCO; and covered with a coverslip.
Confocal microscopy was performed with an OLIMPAS BXS50 fluorescence
microscope. One representative medial section was mounted using Adobe Pho-
toshop software.

RESULTS

Construction of HIV-1 IN mutants. Genetic analysis of
HIV-1 IN showed that mutations had multiple effects on the
viral life cycle, suggesting that IN might have multiple roles in
the early steps preceding integration. These include uncoating,
reverse transcription, and nuclear transport of the PIC. Recent
study has shown that phosphorylation of viral proteins might
be important in regulating viral infectivity (38). To examine the
possible involvement of HIV-1 IN phosphorylation in the pu-
tative functions of IN, we generated HIV-1 mutants carrying
single-amino-acid substitutions at Ser, Thr, or Tyr residues
which are conserved among HIV-1 strains and HIV-related
lentiviruses (Fig. 1). These included Ser-to-Ala substitutions at
position 195 or 283 (S195A or S283A), Thr-to-Ala substitu-
tions at position 66, 93, or 125 (T66A, T93A, or T125A), and
a Tyr-to-Gly substitution at position 143 (Y143G) (Fig. 1 and
Table 1). Some of these conserved Ser and Thr residues were
located in the possible phosphorylation motifs, (S/T)XX(D/E)
for CK-II (Fig. 1 [shaded triangle]) and (S/T)X(R/K) for PKC
(Fig. 1 [striped triangle]). These motifs are well conserved
among HIV-1 strains, although all are not completely con-
served in other HIV-1-related lentiviruses. In addition, we
generated mutations in the conserved Lys- and Arg-rich motifs
spanning position 186 to 188 and position 211 to 219 of HIV-1
IN (Fig. 1 [open triangles]), since these motifs are located in
the putative NLS of IN (31) (Fig. 1 [underlined]). The muta-
tions included a Lys-to-Glu substitution at position 186
(K186Q), a Lys-to-Asn substitution at position 211 with an
additional substitution of Gly to Arg at position 189 (K211N
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G/R), and deletion of the KRK motif at position 186 to 188
(AKRK). A series of point and deletion mutations were intro-
duced into the IN gene through site-directed mutagenesis of
the Spel-Sall subgenomic fragments and reconstruction of the
mutations into the HIV-1 pNL43lucAenv vector (54, 62). This
vector contained a defective env gene, allowing formation of
HIV-1 (amphotropic) pseudotypes, and the nef gene was re-
placed by the firefly luciferase gene, allowing efficient moni-
toring of HIV-1 expression. We prepared a pseudotype virus of
each IN mutant by cotransfection of COS cells with the
pNLA43lucAenv vector carrying each IN mutation and the am-
photropic Moloney MuLV envelope expression vector (pJD-
1). All mutants had comparable levels of p24 in culture super-
natants harvested from transfected COS cells (Fig. 2A) and
comparable levels of luciferase (Luc) activity in cell lysates of
transfected COS cells (Fig. 2B). Thus, mutations had no sig-
nificant effect on transfected proviral gene expression or virus
release. In order to verify that the gag-pol polyprotein process-
ing had been completed in mutant virus particles, we per-
formed a Western blot analysis of viral proteins contained in
virus particles using antiserum from human AIDS patients. No
apparent difference between parental (wild-type [WT]) and
mutant viruses was observed in the profiles of viral proteins
(Fig. 2C). The profile of viral proteins of each mutant was also
verified by using specific monoclonal antibodies to p24 and
reverse transcriptase (RT) (data not shown). These results
showed that none of the mutations significantly affected the
proviral gene expression, virus particle release, or gag-pol
polyprotein processing.

Proviral formation of HIV-1 IN mutants in dividing cells.
We previously showed that the single-round infection system
with HIV-1 (amphotropic) pseudotypes was useful for estimat-
ing the integration efficiency in vivo by monitoring levels of de
novo synthesized viral DNA and luciferase activity, expressed
in infected cells (53, 54). We first assessed whether HIV-1 IN
mutants were able to synthesize viral DNA following infection
of susceptible RD cells. At 2 and 6 days postinfection, total
DNA was harvested from infected RD cells, and an aliquot of
each DNA sample was subjected to quantitative PCR analysis
(Fig. 3A and B). We monitored the formation of various spe-
cies of viral DNA using primers M667/AASS for the early viral
DNA species (R/US) or M667/M661 for the formation of com-
plete or nearly complete viral DNA (R/gag) (78). An aliquot of
the same DNA sample was also subjected to real-time quan-
titative PCR analysis (TagMan PCR detection; Perkin-Elmer
Applied Biosystems Division) using the R/U5 or R/gag specific
internal probe. Relative to the WT, the T66A, T93A, T125A,
Y143G, S195A, K211N G/R, and S283A mutants showed com-
parable levels of early (Fig. 3A) and complete or nearly com-
plete viral DNA (Fig. 3B) at 2 days postinfection. These results
indicated that none of these mutations affected reverse tran-
scription. The stability of de novo synthesized viral DNA was
monitored by measuring the level at 6 days postinfection. This
level varied among mutants, probably due to their different
integration activities. On the other hand, K186Q and AKRK
mutants produced very low levels of R/gag (~10% of the WT
level), indicating severe impairment of reverse transcription
prominently at the late step in these mutants.

All mutants showed comparable levels of Luc activity fol-
lowing transfection of COS cells and produced comparable
levels of viral DNA after infection, with the exception of the
K186Q and AKRK mutants. Thus, we could estimate the rel-
ative integration efficiency directly by measuring Luc activity
following infection of RD cells. We repeated this experiment
more than five times with independently prepared viruses, and
a representative experiment is shown in Fig. 3D. The level of
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FIG. 1. Diagram of the domain structure and mutations of HIV-1 IN. The amino acid sequences of HIV-1 strains (NL43, HXB2, JR-CSF, MN, and SF2),
HIV-2ROD and SIVmac239 were obtained from GenBank. The accession numbers of HIV-1 NL43, HXB2, JR-CSF, MN, SF2, HIV-2ROD, and SIVmac239 are
M19921, K03455, M38429, M17449, K02007, M15390, and M33262, respectively. Portions of the central catalytic domain and the C-terminal domain are shown. Symbols
above the sequence are indicated positions of mutation (shaded triangle, possible site of phosphorylation by CK-II; striped triangle, possible site of phosphorylation

by PKC; closed triangle, Tyr residue; open triangle, residues conserved in putative NLS (30) indicated with underlines.

Luc activity in T125A was always high, ranging from 100 to
120% of the WT level. On the other hand, T66A, T93A,
S195A, S283A, Y143G, and K211N G/R mutants showed var-
ied Luc activities of 60 to 80%, 25 to 55%, 60 to 80%, 40 to
80%, 85 to 100%, and 40 to 60% of the WT level, respectively.
Furthermore, we performed PCR analysis of de novo synthe-
sized viral DNA using primer pairs which amplify sequences
unique to the two-LTR-containing circular DNA. The two-
LTR-containing circular DNA is thought to be produced by
host nuclear enzymes as an alternative to correct integration by
IN and is formed in the absence of functional IN. The PCR
amplification of this structure is therefore confirmation of a
specific abrogation of integration. The HIV-1 IN catalytic-site
mutant D116G (54) was used as a control for the integration-
defective mutant. We clearly detected an amplified fragment
corresponding to the two-LTR circle junction in DNA samples
from RD cells infected with T66A, T93A, K211N G/R, and
D116G mutants. However, it was only weakly detected in the
WT, S195A, and Y143G samples (Fig. 3C). Thus, the lower
levels of Luc activity associated with T66A, T93A, and K211N

G/R most probably represent lowered integration efficiencies
induced by each mutation. On the other hand, as expected
from the low level of viral DNA synthesis, K186Q and AKRK
did not exhibit detectable levels of Luc activity. We also exam-

TABLE 1. Mutation of the HIV-1 integrase

Mutant Nucleotide change Amino acid change
T66A #25aca—Gea“ %Thr—Ala®
T93A $0%aca—>Gea SThr—Ala
T125A 46023ca—Gea '2Thr—Ala
Y143G 4636tac—>GGG S Tyr—Gly
K186Q 47853aa—Caa 86Lys—GlIn
G189R/K21IN  *%gog—>Agg/*®*aaa—aaC  '®Gly—>Arg/'' Lys—Asn
AKRK Y85aaaagaaaa—deletion 186 ysArgLys—deletion
S195A B1230t—->GCt 195Ser—Ala
S283A 3076agt—>GCt 38er—Ala

“ Altered nucleotides are indicated by capital letters. Positions of nucleotide
are numbered according to the NL43 sequences.
® Numbers refer to amino acid residues of NL43 IN.
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FIG. 2. Gene expression of each mutant proviral DNA after transfection of
COS cells and viral protein profiles. Pseudotype viruses were generated by
cotransfection of COS cells with pNL43lucAenv vector containing either of
mutations in IN and an amphotropic Moloney MuLV envelope expression vector
(pID-1), using Lipofectamine (GIBCO BRL). Culture supernatants (5 ml) of the
transfected COS cells were harvested at 48 h posttransfection. (A) p24 levels in
culture supernatants were determined by an enzyme immunoassay system (EIA-
II; Abbott Diagnostika). (B) Luciferase activity in transfected COS cells were
measured at 2 days posttransfection. Cells were washed with PBS and lysed with
1 ml of cell lysis buffer (Promega). One microliter of each cell lysate was
subjected to the luciferase assay. (C) Virus particles in culture supernatants (5
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ined these mutants using human PBLs as primary dividing
target cells for virus infection (Fig. 3E). In most mutants, the
Luc activity relative to WT levels was similar to that obtained
in RD cells, although there were slight differences in the mag-
nitude of the effect of each mutation between RD cells and
PBLs. However, the magnitude also varied among PBLs iso-
lated from different blood donors (data not shown). For ex-
ample, the level of Y143G, which showed 85 to 100% of WT
level in RD cells, was always reduced to around 50% of the WT
level. Thus, there are slight differences in the magnitude of the
effect of each mutation on proviral formation between in vitro-
adapted (RD) and primary (PBL) dividing cells.

Of note, an almost complete lack of proviral formation by
K186Q and AKRK in RD cells was found in primary cells,
PBLs and MDMs (data not shown). K186 to 188 overlapped
with the central polypurine tract (cPPT) which is thought to
function as a second priming site for viral plus-strand DNA
(10). To examine whether abrogation of viral DNA synthesis
was due to the destruction of the cPPT function by K186Q or
AKRK mutations, we performed the frans complementation
test in vivo as described previously (54). Briefly, we prepared
pseudotype viruses by cotransfection of COS cells with the
pJD-1 vector, the pNL43lucAenv vector (WT, D116G, K186Q,
or AKRK), and the pNL43thyAenv vector, which is identical to
the pNL43lucAenv vector except that it carries the mouse
thy-1.2 gene instead of the luc gene (62). As shown in Fig. 4,
defects in the trans-acting function, such as a catalytic site
mutant of IN, D116G was efficiently complemented. In con-
trast, defects in the cis-acting function were not complemented
as seen in DEL10 in which both the U3att and USatt regions
were deleted (53). Luc activity after infection of RD cells with
K186Q or AKRK was restored by this complementation (Fig.
4) to levels as efficient as those of D116G or the WT. Thus,
viral RNA containing the K186Q or AKRK mutations could be
efficiently reverse transcribed, integrated, and efficiently ex-
pressed if WT IN were provided. These results suggest that low
levels of K186Q and AKRK reverse transcription might not be
simply due to a perturbation of the structure or function of the
cPPT. Alternatively, we suggest that the KRK motif is critical
for HIV-1 IN to function as an antiterminator of the central
plus strand termination, as has been previously proposed (11).

Proviral formation of HIV-1 IN mutants in nondividing
cells. A feature of HIV-1 distinct among retroviruses is their
highly efficient proviral formation and replication in nondivid-
ing cells. To examine the effects of each HIV-1 IN mutation on
this, we examined the efficiency of proviral formation of HIV-1
IN mutants using human primary MDMs as nondividing cells
for virus infection. To estimate the relative integration effi-
ciency of each mutant, Luc activity was measured in the in-
fected MDMs at 4 days postinfection (Fig. SA). Luc activity of
each mutant relative to that in WT MDMs was similar to that
obtained in RD cells or PBLs (Fig. 3D and E). Of note, relative
Luc activity of Y143G mutant in MDMs (20 to 30% of WT
level) was significantly lower than that obtained in RD cells (85
to 100% of WT level). In addition, neither K186Q nor AKRK

ml) of COS cells were precipitated at 48 h posttransfection by ultracentrifuge (1
h at 315,000 X g using a Beckman TLX-100 centrifuge). Viral proteins were
separated by SDS-12% PAGE. Culture supernatants of mock-transfected COS
cells were precipitated and subjected to SDS-PAGE in parallel as a negative
control. After blotting of proteins to nitrocellulose membrane (ATTO), the
membrane was subjected to a reaction with serum from a patient and then
incubated with horseradish peroxidase-conjugated anti-human immunoglobulin.
Viral proteins were visualized by using the enhanced chemiluminescence detec-
tion system (Amersham). Positions of the major viral proteins are indicated by
their sizes (in kilodaltons) relative to those of molecular weight (M.W.) markers.
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FIG. 3. Analysis of IN mutants in dividing cells. Each virus was prepared by cotransfection of COS cells with pNL43lucAenv vector and pJD-1. The DNase-treated
supernatants containing ~10 ng of p24 were inoculated into RD cells or PBLs. At 2 or 6 days postinfection, as indicated on the left, the entire cell culture was harvested.
Total DNA was extracted from infected RD cells and subjected to PCR analysis with the primer pairs for R/U5 (A) and R/gag (B) and the two-LTR circle (C). For
HIV-1 DNA standards, 50 to 100,000 copies of linearized HIV-1 JR-CSF DNA were amplified in parallel. Amplified products were resolved on 2% agar gel and
visualized by Syber-Green staining (FMC Bioproduct). Virus treated at 65°C for 30 min prior to inoculation was used as a heat-inactivated control (HI). After 4 days
of infection, the entire cells were harvested and washed with PBS. The cell pellets were resuspended with 200 pl (for RD cells) (D) and 100 pl (for PBLs) (E) of
luciferase lysis buffer (Promega Corp.). Ten microliters of each cell lysate was subjected to luciferase assay as described in Materials and Methods. Luciferase activities

are shown in units per microliter.

produced significant levels of Luc activity in MDMs as was
observed in RD cells and PBLs. We reproduced similar results
using independent MDMs isolated from more than 10 different
healthy blood donors. Furthermore, we examined each muta-
tion by pseudotyping with the HIV-1 macrophage-tropic enve-
lope (pJR-FL). In all but mutant Y143G, pseudotyping with
the pJR-FL envelope (Fig. 5B) did not significantly alter their
relative Luc activities (compare Fig. SA and B). However, in
the case of Y143G, relative Luc activity was significantly re-
duced by pseudotyping with the pJR-FL envelope, most prob-
ably due to a lowered multiplicity of infection (MOI). Thus, we
found that the effect of Y143G was unique in that the magni-
tude of the effect was significantly enhanced in nondividing
cells but only weakly detected in dividing cells.

Analysis of Y143G mutant with or without additional vpr
mutation. Transport of the PIC from the cytoplasm into the
nucleus is thought to be a key step in establishing HIV-1
proviral DNA formation in nondividing cells. Recent evidence
suggests that Vpr plays a key regulatory role in this process by
binding to karyopherin alpha, a cellular receptor for NLS,
thereby increasing its affinity for NLS (63, 64). The genetic
analysis of HIV-1 IN mutants described above suggests a par-
tial abrogation of nuclear transport function associated with
the Y143G mutation. Firstly, to analyze Vpr-defective HIV-1
under our experimental conditions, we generated a Vpr-defec-
tive HIV-1 mutant (AVpr) by introducing a stop codon (TAA)
in the vpr open reading frame at nt 5624 to 5626 to avoid
alteration of the vif gene. Mutants carrying either the single
mutation Y143G or AVpr produced levels of Luc activity
equivalent to WT levels after infection of RD cells (Fig. 5C).
However, less activity (20 to 30% of WT levels) was observed
after infection of MDMs (Fig. 5D). This result suggests that
the effect of Y143G mutation on proviral DNA formation in

MDMs might be equivalent to that of AVpr mutation. To
confirm this further, we examined levels of de novo synthesized
viral DNA after infection of MDMs with Y143G or AVpr (Fig.
6). The level of the early product (R/US) produced by Y143G
or AVpr was ~50% of the WT level at 3 days postinfection
(Fig. 6A). Both mutants produced significantly lower levels of
the late product (R/gag), less than 30% of the WT level at 3
days postinfection (Fig. 6B), reaching 50 to 80% of the WT
level at 4 to 6 days postinfection (data not shown). These
results suggest that Y143G or AVpr might initiate reverse
transcription with almost the same efficiency as the WT. How-
ever the completion of reverse transcription was delayed by
Y143G or AVpr mutations. Finally, we determined the level of
the two-LTR circle form of viral DNA in DNA samples har-
vested at 4 days after infection of MDMs. No significant band
corresponding to the amplified two-LTR junction was detected
in any sample, except in the DNA sample infected in parallel
with D116G (Fig. 6C). Since the level of R/gag products pro-
duced by Y143G or AVpr reached around 50 to 80% of the
WT level at 4 or 6 days postinfection (data not shown), the lack
of detection of the two-LTR junction probably mainly reflects
retardation in the nuclear transport of de novo synthesized
DNA. Thus, under our experimental conditions, the effect of
the Y143G mutation on formation of proviral DNA was equiv-
alent to that of AVpr in dividing and nondividing cells.
Finally, to examine the additive effect of Y143G and AVpr
mutations on proviral DNA formation, we generated a double-
mutant HIV-1, carrying both mutations (Y143G&AVpr). As
shown in Fig. 5D, Luc activity produced by Y143G&AVpr was
reduced to less than 10% of the WT level in MDMs, concom-
itant with the lower rate of synthesis of R/gag products (Fig.
6B). In addition, Y143G&AVpr showed a significant reduction
in Luc activity (40% of the WT level) in RD cells, while the
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D single mutants, Y143G or AVpr, produced levels of Luc activ-
ity equivalent to the WT level (Fig. 5C). Thus, we demon-

S283A strated that the effects of the Y143G mutation were similar to
K211N G/R AVpr mutation and had synergistic effects on proviral forma-
S195A tion at steps prior to integration. These results indicate that
Y143 might be a critical residue for efficient proviral formation
AKRK in nondividing cells, most probably by facilitating nuclear
K186Q transport of the PIC in combination with Vpr.
Y143G Nuclear localization of HIV-1 IN fused to GFP. To more
T125A directly address the karyophilic properties of HIV-1 IN and the
T93A effect of each mutation on these properties, we generated
‘ constructs expressing full-length HIV-1 IN fused to GFP pro-
Te6A tein (pGFP-IN). To examine the subcellular localization of
wr HIV-1 IN, HeLa cells were transfected with the pGFP-IN

vector and subjected to analysis by confocal microscopy. At
24 h posttransfection, GFP-IN accumulated almost exclusively
in the nucleus (Fig. 7B), while GFP control protein without IN
E was uniformly scattered throughout both the cytoplasm and

the nucleus (Fig. 7A). Thus, we confirmed that HIV-1 IN

5283A - . . .
possesses strong karyophilic properties. Finally, we examined
K211N G/R the effect of IN mutations on the karyophilic properties of
S195A HIV-1 IN under our experimental conditions. We found that
AKRK all IN mutants tested here (Y143G, K186Q, AKRK, and
K186Q K211N G/R) were almost exclusively localized to the nucleus,
V143G as seen in the WT (Fig. 7C to F). Thus, none of these muta-
tions significantly affected the karyophilic properties of HIV-1
T125A IN under this experimental condition. An earlier result sug-
Te3A gests that the NLS of HIV-1 IN is bipartite and consists of the
Te6A KRK and residues 212 to 219 (31). However, we found that the
WT IN, which lacks the C-terminal region, residues 181 to 288,

retained the karyophilic properties (data not shown). Thus,
lack of defect in the karyophilic property of HIV-1 IN by a
FIG. 3—Continued. single mutation at KRK or the K212N mutation might not
reflect the bipartite function of the NLS. These results indicate
that perhaps none of these amino acids is directly involved in
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FIG. 4. trans-complementation of K186Q and AKRK. Pseudotype viruses were obtained by cotransfection of COS cells with pJD-1 and WT or mutant pNL43lucA
env vector. In rescue experiments, pseudotype viruses were prepared by cotransfection with the pJD-1 vector and pairs of each of two different mutant pNL43lucAenv
vectors, indicated below the columns. For pairs of mutant and WT vectors, pNL43thyAenv vector (61), which contains the WT IN and replaces the mouse thyl.2 gene
with the luc gene, was used. Infection was performed as described for Fig. 3. A 1-ml aliquot of each virus was inoculated into 5 X 10* RD cells. At 3 days postinfection,
the entire culture was harvested and subjected to the luciferase assay as described in Fig. 3. Luciferase activity was determined after subtraction of background level.
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FIG. 5. Viral gene expression after infection of MDMs. Each virus was prepared by cotransfection to COS cells with pNL43lucAenv vector and pJD-1 (A, C, and
D) or HIV-1 macrophage-tropic envelope expression vector (pJR-FL) (B). The supernatants harvested and treated with DNase at 48 h posttransfection were used to
inoculate MDMs (A, B, and D) or RD cells (C). At 4 days postinfection, the entire cells were harvested and washed with PBS. Cell pellets were lysed with 150 pl of
luciferase lysis buffer (Promega). Ten microliters of each cell lysate was subjected to the luciferase assay as described in Materials and Methods.

the NLS function of HIV-1 IN. Together with our genetic
analysis, this leads us to suggest that Y143 is involved in the
regulation of karyophilic properties or the putative NLS in the
PIC, effects of which apparently only occur in the context of
the natural course of viral infection.

DISCUSSION

Genetic analyses of HIV-1 IN (9, 24, 49, 54, 59, 69, 77)
suggest putative roles for IN at steps prior to integration, such
as uncoating and reverse transcription. In addition, recent ev-
idence indicating the karyophilic properties of HIV-1 IN sug-
gests important roles of IN for nuclear transport of the PIC. In
this study, to identify critical amino acids in HIV-1 IN required
for putative functions at steps distinct from integration, we
generated HIV-1 mutants carrying point or deletion mutations
at conserved Ser, Thr, Tyr, Lys, or Arg residues in HIV-1 IN.
None of these mutants affected levels of proviral gene expres-
sion, virus release, or viral protein processing in the virion
particle (Fig. 2), indicating no apparent effect of these muta-
tions in the late stages of the viral life cycle.

The phenotype of each mutant was evaluated using the hu-
man RD cell line or PBLs as target cells for in vitro-adapted
and primary dividing cells, respectively. Since nuclear transport
of HIV-1 PIC is a key step in establishing proviral DNA for-
mation in nondividing cells such as macrophages, we also
tested each mutant using human MDMs as primary nondivid-
ing cells. Phenotypes of mutants are divided into three groups
according to the steps affected by each mutation: integration,
reverse transcription, and nuclear transport of the PIC.

Residues affecting integration. Motif analyses of HIV-1 IN
revealed the existence of several possible phosphorylation sites
on the conserved Ser or Thr residues, T66, T93, S195, and S283
for phosphorylation by CK-II and T125 for phosphorylation by
PKC. Although it has been reported that avian retroviral IN
can undergo phosphorylation at the Ser residue in the carboxyl
terminus (37), phosphorylation of HIV-1 IN in the virus par-
ticle has not been reported. In addition, the phosphorylation
status of IN after infection and its role(s) during the early
events of retroviral infection cycle are poorly understood. Our
genetic analyses showed that each of these mutations might
affect the integration step to different degrees; T66A, T93A,
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FIG. 6. Quantitative analysis of de novo synthesized viral DNA and formation of two-LTR circles after infection of MDMs. Infection of MDMs with virus was
performed as described in Fig. 3. At 3 (A and B) and 4 (C) days postinfection, as indicated on the left, the entire cell culture was harvested and PCR analysis was

performed as described in Materials and Methods.
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FIG. 7. Confocal microscopic analysis of GFP-IN fusion proteins. HeLa cells were transfected with plasmid expressing GFP only (A), GFP fused to full-length WT

HIV-1IN (B), or GFP fused to the IN carrying the mutation Y143G (C), K186Q (D), AKRK (E), or K211N G/R (F) by using Effectene Transfection Reagent (Qiagen).
At 24 h posttransfection, cells were fixed and examined with a confocal fluorescent microscope.
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T125A, S195A, and S283A mutants in RD cells varied from 60
to 80%, 25 to 55%, 100 to 120%, 60 to 80%, or 40 to 80% of
the WT level, respectively. Some of the mutants have been
examined previously using in vitro cell assays or in the context
of virus replication. T66A has been shown to be defective in 3’
processing in vitro (22% of WT activity) and exhibits partially
defective integration (42% of WT activity) (23). However, it
has been reported that T66A replicates with kinetics similar to
those of the WT (9). Consistent with our results, TI125A has
also been reported to replicate with kinetics similar to those of
the WT (69). It has been reported that the K211 residue is
involved in the putative NLS function of the IN (31). However,
we could not detect any apparent defect in the karyophilic
properties of HIV-1 IN in our experimental system (Fig. 7).
K211N G/R showed a slight reduction of integration activity to
40 to 60% in dividing and nondividing cells. Our results are
consistent with a previous report showing that K211N reduced
integration activity to 32% of the WT level (77). Among the
mutants, T93A showed the most prominent effect on integra-
tion activity (25 to 55% of the WT level). The loss of integra-
tion activity upon mutation of the T66, T93, T125, S195, S283,
and K211 residues suggests that they form part of the active
site. However, the magnitude of the effect of these mutations
was not as dramatic as that of the catalytic site mutation,
D116G, which showed less than 0.5% of the WT activity (54).
In conclusion, phosphorylation at these sites, if it occurs, might
have little effect on reverse transcription and nuclear transport
of PIC and a slight but not essential role in integration.

Residues affecting reverse transcription. The KRK motif,
spanning residues 186 to 188 of HIV-1 IN, has been shown to
be critical for interaction with cellular importin alpha, suggest-
ing its putative role as the NLS of the PIC (31). However, we
could not detect any apparent effects of K186Q or AKRK on
the karyophilic properties of HIV-1 IN in our experimental
system, using the GFP fusion protein expression system (Fig.
7). Instead, we found an almost complete lack of viral gene
expression due to failure to complete viral DNA synthesis in
RD cells, PBLs, and MDMs. We have previously reported that
mutations within the HHCC motif of IN abolished viral gene
expression completely, due to severe defects at or prior to the
initiation of reverse transcription (54). Since the HHCC mu-
tants showed WT levels of endogenous RT activity (54) and
binding and entry to target cells were not affected (59), we
hypothesized that the defects caused by the HHCC mutation
occur at the uncoating step. Interestingly, defects in reverse
transcription associated with K186Q and AKRK were found
mainly at a late stage, most probably during plus strand syn-
thesis (Fig. 3). Thus, the effects of K186Q and AKRK muta-
tions on reverse transcription are different from those associ-
ated with HHCC mutations. The KRK motif overlaps with the
cPPT which is thought to function as a second priming site for
viral plus-strand DNA synthesis (10). However, frans-comple-
mentation of the KRK mutations by WT IN suggests that this
defect is not simply due to a perturbation of the structure or
function of the cPPT. Alternatively, we favor the idea that the
KRK residues might represent a motif critical for the function
of HIV-1 IN as an antiterminator of the central plus strand
termination as has been previously proposed (11). Interest-
ingly, a similar termination of plus strand synthesis proximal to
the cPPT has recently been reported in the equine infectious
anemia virus, suggesting this is a common feature among len-
tiviruses (68). Thus, it would be interesting to examine the
exact mechanisms underlying the roles of IN in the complex
mode of HIV-1 reverse transcription and their biological sig-
nificance.

J. VIROL.

Residues affecting nuclear transport of PIC. A feature of
HIV-1 distinctive among retroviruses is their highly efficient
proviral formation and replication in nondividing cells, such as
macrophages. Nuclear transport of HIV-1 PIC is a key step in
establishing proviral DNA formation in nondividing cells. One
major object of the present study was to identify the critical
residues of HIV-1 IN involved in its nuclear transport function.
Since the nuclear import function is not strictly required for
infection of dividing cells, we made the assumption that effects
on proviral formation might be evident in MDMs but slight in
RD cells or activated PBLs. Among the mutants tested here,
we found that Y143G showed a significant reduction in viral
gene expression (20 to 30% of the WT level) in MDMs while
retaining high gene expression levels (80 to 100% of the WT
level) in RD cells. Our results are in part consistent with
previous reports in which point mutations at Y143 resulted in
competent replication with slightly delayed kinetics in T-cell
lines (67, 77). Y143 is well conserved among mammalian ret-
roviral INs, although nonconservative amino acid substitutions
occur naturally at an analogous position in some INs (23, 39,
44). A nonconservative amino acid substitution at this position
in HIV-2 IN (Y143L) had no effect on oligonucleotide cleav-
age, strand joining, or disintegration reaction (72). Recently,
involvement of the Y143 residue of HIV-1 IN in specific in-
teractions with the att sequences has been reported using an in
vitro photo-cross-linking assay (25). Of note, the effect of the
Y 143G mutation on proviral formation was evident in MDMs
but slight in RD cells. We also demonstrated that this pheno-
type was quite similar to AVpr. Vpr is thought to be one of the
key regulatory viral proteins possessing a nuclear transport
function (1, 2, 15, 28, 30, 35, 52, 64). Thus, we suggest that the
Y 143G mutation might affect the nuclear transport function of
the PIC, but not integration. Interestingly, in RD cells, one of
these (Vpr and IN) functions might be sufficient for efficient
proviral formation. However, both functions might be neces-
sary, especially in MDMs and to a lesser degree in primary
isolated PBLs. In the GFP-IN expression system, we did not
see any effect of the Y143G mutation on the karyophilic prop-
erties of HIV-1 IN. It is still possible that the functional role of
the Y143 residue involves regulation of the karyophilic prop-
erties or putative NLS in the PIC, the effect of which is appar-
ent only in the context of the natural course of viral infection.
Alternatively, it is possible that the effect is evident in nondi-
viding cells. Due to poor transfection efficiency of the GFP-IN
vector into MDMs, we are currently addressing this point using
the lentivirus vector expression system. In addition, the exact
region of the putative NLS in HIV-1 IN remains to be deter-
mined, since none of the mutations tested here showed any
apparent effects on the karyophilic properties of HIV-1 IN in
our experimental system. On the other hand, the lowered rate
of completion of reverse transcription in these mutants sug-
gests that reverse transcription of HIV-1 might be complete
after nuclear entry. A similar correlation between nuclear en-
try and completion of reverse transcription has been reported
in an avian retrovirus (50) and HIV-1 (55). Thus, it would be
of interest to identify the nuclear cofactor(s) required for com-
pletion of HIV-1 reverse transcription.

In summary, the present study has identified residues that
may be critical for the putative functional roles(s) of HIV-1 IN
in the steps prior to integration in dividing and/or nondividing
cells. Nondividing cells of the monocyte/macrophage lineage
are regarded as the first target of HIV-1 infection and act as
one of the reservoirs of HIV-1 in persistent infection in vivo
(16, 17, 33, 45, 60, 65, 71, 76, 80). Thus, identification of the
critical motif in HIV-1 IN or other components in the PIC
might be important in revealing new aspects of the HIV-1 life
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cycle. Hopefully, it may also contribute to the development of
new strategies for AIDS treatment and anti-HIV-1 drugs.
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