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Retroviral integrase catalyzes the essential step of integrating a double-stranded DNA copy of the viral
genome into a host cell chromosome. Mutational studies have revealed that integrase is involved in additional
steps of viral replication, but the mechanism for the pleiotropic effect is not well characterized. Since Cys
residues generally play crucial roles in protein structure and function, we introduced Cys-to-Ser substitutions
at positions 56, 65, and 130 of human immunodeficiency virus type 1 (HIV-1) integrase to determine their
effects on integration activity and viral replication. None of the substitutions significantly affected the enzy-
matic activities in vitro. When introduced into the NL4-3 molecular clone of HIV-1, mutant viruses encoding
Cys mutations at positions 56 and 65 of integrase replicated similarly to the wild-type virus in CD4�-T-cell
lines, whereas the C130S-containing virus was noninfectious. The entry and postintegration steps of the viral
life cycle for all mutant viruses were normal, and all had particle-associated reverse transcriptase (RT) activity.
However, early reverse-transcribed DNA products were absent in the lysate of cells infected with the C130S
mutant virus, indicating that the mutation abolished the ability of the virus to initiate endogenous reverse
transcription. Coimmunoprecipitation using purified integrase and RT showed that the C-terminal domain of
wild-type HIV-1 integrase interacted with RT. The interaction between integrase and RT was not affected in the
presence of a reducing or alkylating agent, suggesting that the interaction did not involve a disulfide linkage.
The C130S substitution within the core region may disrupt the protein recognition interface of the C-terminal
domain and abolish its ability to interact with RT. Our results indicate that integrase plays an important role
during the reverse-transcription step of the viral life cycle, possibly through physical interactions with RT.

Integration of a double-stranded DNA copy of the viral
RNA genome into the host chromosome is essential for retro-
viral replication (for reviews, see references 7, 12, and 31). The
integration reaction is catalyzed by the viral protein integrase
(IN), which is encoded by sequences at the 3� end of the pol
gene of the viral genome. IN is initially expressed as part of the
Gag-Pol polyprotein precursor, and the subsequent processing
events within the virion by the viral protease produce the
mature functional protein. After virus entry into a susceptible
host cell and reverse transcription, IN removes two nucleotides
3� to the conserved CA dinucleotide from each end of the
linear viral cDNA in a reaction called 3�-end processing. The
processed viral cDNA and IN, within a nucleoprotein complex
called the preintegration complex (PIC), then move from the
cytoplasm into the nucleus of the infected cell. IN inserts the
newly processed 3� ends of the viral DNA into the host genome
in a coupled cleavage-ligation reaction called 3�-end joining or
strand transfer. Host enzymes are believed to carry out the
repair of gaps between viral and host DNAs after strand trans-
fer (6, 14, 60), resulting in the formation of a provirus.

IN comprises three domains. The N-terminal domain con-

tains a highly conserved zinc-binding HHCC motif consisting
of two His and two Cys residues (41, 43). Coordination of zinc
promotes the multimerization of IN and enhances in vitro
activities (9, 36, 62). Mutations of residues of this motif abolish
the viral infectivity (18, 57). The central core domain of IN
contains a catalytic DD(35)E motif that is conserved in all
retroviral INs and retrotransposons, as well as some bacterial
transposases (33, 41, 43). The crystal structure of the core
domain shows that these residues coordinate a divalent cation
that is essential for IN activity (23). The C-terminal domain is
the least conserved among retroviral INs and binds DNA non-
specifically (19, 54).

Studies of human immunodeficiency virus type 1 (HIV-1)
replication in cell cultures showed that certain mutations of IN
have pleiotropic effects. The defects occur at stages of viral
replication other than integration, such as reverse transcrip-
tion, nuclear import, viral protein expression, packaging, and
processing, and probably involve different mechanisms (10, 18,
35, 37, 52, 57, 58). The precise determinants in IN that cause
each defect have not been well characterized.

Cys residues are often found sparingly in proteins, and when
present, they generally play important structural and architec-
tural roles. HIV-1 IN has a total of six Cys residues. Two of
these residues are located in the N-terminal domain and are
part of the conserved HHCC motif involved in zinc coordina-
tion (62). Mutations of the N-terminal Cys residues disrupt IN
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multimerization, abolish 3�-end processing and strand transfer
activities in vitro (17, 53, 62), and inhibit viral replication in
cultured cells by blocking reverse transcription (37). Three
other Cys residues are located in the core domain at positions
56, 65, and 130, and the remaining one is in the C-terminal
domain at position 280. Replacing the Cys at residue position
56, 65, or 280 of HIV-1 IN results in a protein displaying
wild-type levels of 3�-end processing and strand transfer activ-
ities in vitro (5, 11, 16, 29, 59). However, the effect of C130
substitution on IN activity has not been determined. Although
the replication of the C280S-containing virus is indistinguish-
able from that of the wild type (29), it is not known if the Cys
residues at positions 56 and 65 are necessary for virus replica-
tion. A virus containing a C130G mutation in IN shows a loss
of infectivity (40), but the basis for the defect is not clear.

In this study, we examined the effect of replacing the Cys
residues within the core domain of HIV-1 IN on its enzymatic
activity, as well as the effect on the replication of viruses har-
boring such INs. We found that none of the core Cys residues
were necessary for IN-catalyzed reactions in vitro. However,
mutant viruses encoding a C130S mutation were noninfectious.
We determined that this substitution conferred an inability to
initiate reverse transcription, indicating that IN plays an im-
portant role during reverse transcription. In vitro analysis using
coimmunoprecipitation showed that, unlike the wild type and
other Cys mutants, IN with the C130S substitution failed to
interact with reverse transcriptase (RT). The results suggest
that the interaction between IN and RT is functional and
critical for viral replication.

MATERIALS AND METHODS

Cells and reagents. 293T cells, a transformed cell line derived from human
embryonic kidney cells, were grown in Dulbecco modified Eagle medium con-
taining L-glutamine and 4.5 g of glucose (Gibco)/liter, supplemented with 10%
fetal bovine serum (FBS) (HyClone), 100 U of penicillin G (Cellgro)/ml, and 0.1
mg of streptomycin (Sigma)/ml. CEM cells, a human CD4�-T-cell line, were
grown in RPMI 1640 medium (Gibco) supplemented with 10% FBS (Omega),
100 U of penicillin G/ml, and 0.1 mg of streptomycin/ml.

Viral p24 levels were measured using an enzyme-linked immunosorbent assay
(ELISA) with the HIV-1 p24 antigen assay kit (Coulter). The sera from HIV-
1-infected patients were purchased from The Scripps Research Institute. The
following reagents were obtained through the AIDS Research and Reference
Program: purified recombinant RT heterodimer and the rabbit anti-HIV-1 RT
antiserum from Stuart Le Grice, mouse monoclonal antibody against HIV-1 RT
(mAb21) from Stephen Hughes, and rabbit anti-HXB2 IN (amino acids 23 to 34)
polyclonal antibody from Duane Grandgenett. Purified N-terminally truncated
IN (IN51-288) and the core domain (IN51-212) of HIV-1 IN were obtained from
Robert Craigie, and the C-terminal domain (IN213-288) of HIV-1 IN was ob-
tained from Alan Engelman.

Construction of Cys mutants of HIV-1 IN. The wild-type HIV-1 IN gene was
derived from the HIV-1 molecular clone NL4-3 (1) and cloned into the E. coli
expression vector pT7-7 (47). To facilitate purification, the expression construct
contained DNA sequences that encode a seven-His tag followed by amino acid
residues constituting a thrombin cleavage site (IVPRGSHM) at the N terminus
of the IN gene. Cys residues of HIV-1 IN were replaced with Ser by overlapping
PCR in a stepwise fashion (4). The following oligonucleotides (Operon Tech-
nologies) were used to introduce the mutations, with nucleotide substitutions
shown in boldface type: C56S mutation, HINC56Sss (5�-GTAGACAGTAGCC
CAGGAATA-3�) and HINC56Sas (5�-CTGGGCTACTGTCTACTTGT-3�);
C65S mutation, HINC65Sss (5�-GCTAGATAGTACACATTTACAAGGAAAA
G-3�) and HINC65Sas (5�-TCCTTCTAAATGTGTACTATCTAGCTG-3�);
C130S mutation, HINC130Sss (5�-ACAGTTAAGGCCGCCAGTTGGTGG-3�)
and HINC130Sas (5�-CCCACCAACTGGCGGCCTT-3�). In the first round of
PCR, the 5� portion of the IN gene was amplified using T7PRO (5�-TAATAC
GACTCACTATAGGG-3�), which anneals to positions 273 to 292 of the pT7-
7/His(T) vector, as the forward primer and the antisense oligonucleotide (with

the “as” designation) of the aforementioned primer set as the reverse primer.
The 3� portion of the IN gene was amplified using the sense oligonucleotide (with
the “ss” designation) of the primer set as the forward primer and H-IN280Bam
(5�-ATTGGATCCTTAATCCTCATCCTGTCTACTTGCCACACTATCATCA
CC-3�) as the reverse primer. H-IN280Bam contains the C280S mutation (bold-
face type) and has a BamHI site (underlined) adjacent to the stop codon (ital-
icized) of the IN gene. In the second round of PCR, the amplified 5� and 3�
portions of IN were mixed, denatured at 90°C for 1 min, annealed at 60°C for 1
min, and chain elongated at 72°C for 5 min. The entire IN sequence with the
desired mutation was then amplified using T7PRO and H-IN280Bam as the
forward and reverse primers, respectively.

Amplified PCR fragments were digested with NdeI and BamHI and then
ligated with pT7-7/His(T) previously digested with NdeI and BamHI. The DNA
sequences of all the resulting constructs were confirmed by dideoxy sequencing
using the Thermo Sequenase DNA polymerase (Amersham Pharmacia) accord-
ing to the manufacturer’s instructions.

Expression and purification of Cys mutants of HIV-1 IN. IN expression con-
structs were transformed into Escherichia coli BL21(DE3). Wild-type and mutant
INs were expressed and purified under denaturing conditions using a protocol
similar to that described previously (13, 26). Briefly, expression of the recombi-
nant protein was induced by the addition of 1 mM isopropyl-1-thio-�-D-galacto-
pyranoside. The bacterial pellet was lysed by sonication, centrifuged, and sus-
pended in a denaturing buffer containing 20 mM Tris-HCl, pH 8.0, 0.5 M NaCl,
and 6 M guanidine-HCl. The supernatant fraction of the bacterial lysate was
incubated with Ni-nitrilotriacetic acid agarose (Qiagen). The His-tagged IN was
eluted with the denaturing buffer containing imidazole and then renatured dur-
ing dialysis. The dialysate was concentrated using a stirred cell (Amicon model
8050) with a YM10 ultrafiltration membrane (Millipore), and the protein sample
was treated with human thrombin (Sigma) to remove the His tag, leaving the
vector-derived tetrapeptide GSHM at the N terminus. The sample was then
diluted and loaded onto a high-performance SP-Sepharose column (Amersham
Pharmacia). The protein was then eluted from the column with an NaCl linear
gradient. The purities of protein fractions were verified by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie blue
staining. The fractions were pooled, dialyzed, and stored at �80°C. Protein
concentrations were determined by the Bradford assay (Bio-Rad) according to
the manufacturer’s instructions using bovine serum albumin as a standard. C-
terminally truncated HIV-1 IN (IN1-212) was purified as described previously
(26, 47).

In vitro integration assays. The in vitro activities of HIV-1 IN and its mutant
variants were determined using established oligonucleotide-based assays (12).
The 3�-end processing, strand transfer, and disintegration reactions were carried
out at 37°C for 1 h in a 20-�l reaction volume containing 5 nM 32P-labeled
substrate, 75 nM purified IN, 20 mM HEPES-Na, pH 7.5, 30 mM NaCl, 10 mM
MnCl2, 10 mM dithiothreitol (DTT), and 0.05% IGEPAL (octylphenyl-polyeth-
ylene glycol). IGEPAL is a nonionic, nondenaturing detergent. The reaction
products were separated on a 15% polyacrylamide–7 M urea gel. The gel was
then dried, and the reaction products were analyzed by a PhosphorImager using
ImageQuant software (Molecular Dynamics).

Construction of mutant viral clones and preparation of viral stocks. To
prepare viral DNA constructs containing the various mutant INs, the Cys-to-Ser
mutations of HIV-1 IN were first introduced into pBSNL-AE, a subclone contain-
ing the 2.3-kbp AgeI-EcoRI fragment (nucleotide positions 3486 to 5744) of
NL4-3.

(i) Single-Cys mutant subclones. A C56S mutation in IN was prepared using
the QuikChange site-directed mutagenesis kit (Stratagene) with the primer pair
C56Sss-KZ (5�-CCATGCATGGACAAGTCGACAGTAGCCCAGGAATAT
G-3�) and C56Sas-KZ (5�-CATATTCCTGGGCTACTGTCGACTTGTCCATG
CATGG-3�). Nucleotide substitutions are indicated in boldface type. To facili-
tate screening, a new SalI site (underlined) was created by the primer pair in the
resulting pBSNL-C56S through a silent mutation of Val at amino acid position 54
of IN. pBSNL-C65S and pBSNL-C130S subclones were constructed by inserting the
BstXI-BspMI DNA fragments of the HIV-1 IN expression plasmids pT7-7/IN-
C65/280S and pT7-7/IN-C56/130/280S, which encode the C65S and C130S mu-
tations, respectively, in the pBSNL-AE vector previously digested with BstXI and
BspMI.

(ii) Double-Cys mutant subclones. BstXI-EcoRI fragments of pBSNL-C65S

and pBSNL-C130S containing the C65S and C130S mutations, respectively, were
ligated with BstXI-EcoRI-digested pBSNL-C56S vector containing the C56S mu-
tation, resulting in the double-Cys mutants pBSNL-C56/65S and pBSNL-C56/130S,
respectively. pBSNL-C65/130S was constructed by inserting the C130S-containing
MscI-EcoRI fragment of pBSNL-C130S into the pBSNL-C65S vector previously
digested with MscI and EcoRI.
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To construct the mutant viral clones, the AgeI-EcoRI DNA fragment of each
mutant subclone was purified and ligated with plasmid NL4-3 previously digested
with AgeI and EcoRI. The ligation product was transformed into SURE cells
(Stratagene) by electroporation. The presence of mutations was verified by
restriction analysis and DNA sequencing.

To prepare virus stocks, 293T cells at 60 to 70% confluence in 75-cm2 flasks
were transfected with 20 �g of plasmid DNA containing the wild-type or mutant
HIV-1 clone using the calcium phosphate precipitation method (4). The culture
media were removed, and the cells were replenished with 15 ml of fresh medium
7 h after the addition of DNA. The culture media were harvested 36 and 60 h
posttransfection, pooled, and clarified using low-speed centrifugation (45 � g for
5 min). The supernatant fractions containing the virions were then filtered by
gravity drip through cellulose acetate tube top filters (0.45-�m pore size; Corn-
ing). The virions were pelleted over a 20% sucrose gradient by ultracentrifuga-
tion at 100,000 � g for 2 h at 4°C. Viral titers were determined by ELISA against
viral p24 antigen, and the stocks were stored in 0.5-ml aliquots at �80°C.

Replication kinetics of mutant viruses. Twenty nanograms of p24 equivalent
of viral stocks were used to infect 2 � 106 CEM cells in 1 ml of RPMI 1640
containing 5 �g of Polybrene/ml, 100 U of penicillin G/ml, and 0.1 mg of
streptomycin/ml at 37°C. At 2 h postinfection, the medium was removed, and the
cells were washed twice with 5 ml of phosphate-buffered saline (PBS; 10 mM
sodium phosphate, pH 7.4 and 150 mM NaCl) and fed with 6 ml of fresh
medium. The cells were monitored for syncytium formation and split 1:3 at 2-day
intervals after infection. Aliquots of the culture medium were subjected to p24
analysis to determine the levels of virus production.

Virus attachment and entry assays. The assays for measuring virus attachment
and entry were modified from that described previously (45). CEM cells (106)
were incubated in 1 ml of RPMI 1640 at 37°C for 30 min before the addition of
20 ng of p24 equivalent of sucrose cushion-purified viruses. After an additional
2 h at 37°C, the medium was removed, and the virus-exposed cells were washed
three times with 1 ml of ice-cold PBS to remove the unattached virus. For
measuring virus entry, the same conditions were used, except that after the first
PBS wash, the cells were incubated with 0.5 ml of 0.25% trypsin for 5 min at 37°C
to remove surface-bound viruses. The protease activity was neutralized by 1 ml
of the complete medium containing 10% FBS, and the cells were then washed
twice with 1 ml of ice-cold PBS. In both attachment and entry assays, the cell
pellets were lysed in PBS containing 1% Triton X-100 and 0.1 mM phenylmeth-
ylsulfonyl fluoride. After centrifugation at 10,000 � g for 5 min, the supernatant
fraction was collected and diluted twofold with PBS. The p24 concentration of
the diluted cell lysate was determined by ELISA.

Western blot analysis of viral proteins. Sucrose cushion-purified virions were
resuspended in a lysis buffer containing 62.5 mM Tris-HCl, pH 6.8, 0.2% SDS,
5% 2-mercaptoethanol, and 10% glycerol. Fifty nanograms of p24 equivalent of
viral samples were subjected to SDS–12% PAGE and transferred onto a nitro-
cellulose membrane (Osmonics). The membrane was blocked with Tris-buffered
saline (20 mM Tris-HCl, pH 7.5, and 500 mM NaCl) containing 5% nonfat dry
milk for 1.5 h and then incubated with anti-HIV-1 human serum diluted 500-fold
in Tris-buffered saline containing 1% nonfat dry milk and 0.05% Tween 20 for
1 h. The blot was then incubated with horseradish peroxidase-conjugated goat
anti-human secondary antibody (Zymed) at 1:250,000 dilution for 1 h. A chemi-
luminescence substrate kit (SuperSignal; Pierce) was used for detection accord-
ing to the manufacturer’s instructions.

Analysis of viral DNA synthesis. Fifty nanograms of p24 equivalent of viral
stock was treated with 5 U of RNase-free DNase I (Amersham Pharmacia) at
room temperature for 1 h. An equal amount of viral stock was heat inactivated
by incubation at 65°C for 2 h after DNase I treatment. The DNase I-treated virus
was used to infect 2 � 106 CEM cells in 1 ml of RPMI 1640 containing 5 �g of
Polybrene/ml, 100 U of penicillin G/ml, and 0.1 mg of streptomycin/ml for 1 h at
37°C. The cells were pelleted by centrifugation at 1,000 � g; washed twice with
5 ml of PBS; resuspended in 5 ml of RPMI 1640 with 5% FBS, 5 �g of
Polybrene/ml, 100 U of penicillin G/ml, and 0.1 mg of streptomycin/ml; and then
incubated in six-well plates at 37°C. At 8 h postinfection, the cells were collected
and washed twice with 5 ml of PBS. Total DNA was obtained by using the
DNeasy tissue kit (Qiagen) with the optional RNase A treatment step. Ampli-
fication of viral DNA using the TaqMan PCR Core Reagent kit (Applied Bio-
systems) was done essentially as described previously (25). Briefly, 1 �g of each
DNA sample in a 15-�l reaction volume was amplified in a 384-well plate format
on the ABI Prism 7900 sequence detection system (Applied Biosystems). Reac-
tions were carried out at 50°C for 2 min and 95°C for 5 min, followed by 40 cycles
of amplification at 95°C for 15 s and 60°C for 1 min.

PCR primer and probe sequences were obtained from PE-Applied Biosystems
and Annovis. The primers SR1 (5�-CAAGTAGTGTGTGCCCGTCTGT-3�),
which anneals to nucleotide positions 551 to 571 of NL4-3, and AA55 (5�-CTG

CTAGAGATTTTCCACACTGAC-3�), which anneals to nucleotide positions
635 to 612, were used at concentrations of 300 and 150 nM, respectively, to
amplify the R-U5 region of the early reverse-transcribed DNA of HIV-1. The
fluorescent TaqMan probe ZXF for the amplified R-U5-containing product was
modified at the 5� and 3� ends with 6-carboxy-fluoresein (FAM) and 6-car-
boxytetramethyl-rhodamine (TAMRA), respectively (5�-FAM-TGTGACTCTG
GTAACTAGAGATCCCTCAGACCC-TAMRA-3�). The probe anneals to nu-
cleotide positions 574 to 606 and was used at a concentration of 200 nM. Another
set of primers was used to amplify the human �-globin gene from each DNA
sample and served as an internal standard (25, 61). The concentrations of the
forward primer BGF1 (5�-CAACCTCAAACAGACACCATG-3�) and the re-
verse primer BGR1 (5�-TCCACGTTCACCTTGCCC-3�) were 300 and 200 nM,
respectively. The fluorescent probe BGX1 for the human �-globin gene (5�-FA
M-CTCCTGAGGAGAAGTCTGCCGTTACTGCC-TAMRA-3�) was used at a
final concentration of 150 nM.

Plasmid DNA of NL4-3 linearized by EcoRI was amplified in parallel as HIV-1
DNA standards (8 to 16,000 copies/reaction). DNA from uninfected CEM cells
was amplified to obtain the standard curve for the �-globin gene (0.8 to 800
ng/reaction).

Virion-associated RT assay. The HIV-1 RT activities of wild-type and mutant
virions were determined essentially as previously described (3). The sucrose
cushion-purified virus was resuspended in buffer R (16.7 mM Tris-HCl, pH 7.8,
80 mM KCl, 0.17 mM EDTA, 6.7 mM DTT, 33% glycerol, and 0.3% Triton
X-100). Ten microliters of the viral lysate was incubated with a 90-�l reaction
mixture containing 0.05 U of poly(rA) � poly(dT)12-18 (Amersham Pharmacia)
and 2.5 �Ci of [methyl-3H]dTTP (30 Ci/mmol; Amersham Pharmacia) at 37°C for
1 h. The entire sample was then spotted onto a DE81 filter circle (Whatman).
The filter was washed four times with 10 ml of 2� SSC (0.03 M sodium citrate,
0.3 M NaCl) and once with 10 ml of 95% ethanol and air dried. The filter was
placed in a glass vial containing 5 ml of liquid scintillation fluid (ReadySafe;
Beckman), and the amount of radioactivity was determined by scintillation
counting (Beckman model LS3801).

Coimmunoprecipitation of RT and IN. HIV-1 RT heterodimer (p66/p51; 10
pmol) was incubated with 40 pmol of purified recombinant wild-type or mutant
HIV-1 INs in 50 �l of buffer B (20 mM Tris-HCl, pH 7.5, 250 mM NaCl, 0.2 mM
MgCl2, 5 mg of bovine serum albumin/ml) for 30 min at room temperature. Two
microliters of rabbit anti-HIV-1 RT polyclonal antibody diluted with 48 �l of
wash buffer (buffer B plus 1% IGEPAL) was added to each sample, and the
samples were incubated on ice for 1 h. Ten microliters of immobilized protein
A-G beads (UltraLink; Pierce) was then added to each sample, and the mixture
was incubated with gentle rocking for 1 h at 4°C. The beads were spun down at
500 � g for 2 min, washed three times with 400 �l of wash buffer, and eluted with
40 �l of buffer containing 62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 0.7 M
�-mercaptoethanol (�-ME), and 2% SDS. Seven microliters of eluted proteins
was subjected to SDS–10% PAGE and Western blot analysis as described above.
RT was probed using the mouse anti-RT monoclonal antibody or the anti-HIV-1
human serum at a 1:500 dilution, whereas IN was probed using the rabbit
anti-HIV-1 IN polyclonal antibody or the anti-HIV human serum at a 1:500
dilution. The blot was then incubated with goat anti-mouse, anti-human, or
anti-rabbit secondary antibody conjugated with horseradish peroxidase (Zymed)
at 1:50,000 dilution for 1 h. Detection was carried out using a chemiluminescence
substrate kit (SuperSignal; Pierce) according to the manufacturer’s instructions.

RESULTS

Cys residues within the core domain of HIV-1 IN are not
essential for its enzymatic activities in vitro. Wild-type HIV-1
IN has a total of six Cys residues at positions 40, 43, 56, 65, 130,
and 280. To examine whether Cys residues at positions 56, 65,
and 130 of HIV-1 IN are required for its integration activity in
vitro, we constructed mutant HIV-1 INs containing multiple
Cys-to-Ser substitutions and purified them as recombinant pro-
teins from E. coli (Fig. 1). One mutant, IN-NR, has all of the
Cys residues except C40 and C43 replaced with Ser. The other
mutant, IN-C56/65/280S, has Cys residues at positions 56, 65,
and 280 replaced with Ser. The in vitro activities of both mu-
tants were compared to those of the wild-type IN (Fig. 2). Both
IN-NR and IN-C56/65/280S possessed 3�-end processing,
strand transfer, and disintegration activities. Since the muta-
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tion of Cys at amino acid positions 56, 65, and 130 did not
abolish the catalytic activity of HIV-1 IN, the result indicated
that none of the core Cys residues are essential for the inte-
gration reaction in vitro. Although IN-NR was catalytically
active, its 3�-end processing activity was �50% of that of the
wild-type IN (Fig. 2A, lane 3 versus lane 2), and the level of
strand transfer activity was significantly less than those of the
wild type and IN-C56/65/280S (Fig. 2B, lane 3 versus lanes 2
and 4). Considering that the C130S substitution causes insta-
bility of HIV-1 IN in a eukaryotic expression system (5), the
substitution may produce a folding defect that adversely affects
certain functions. However, the retention of enzymatic activi-
ties implies that the Cys substitutions did not grossly alter the

structure of IN. Also, limited digestion of IN-NR with trypsin
or V8 protease produced proteolytic fragments similar to those
of wild-type IN (data not shown), again suggesting that the Cys
substitutions did not cause extensive changes in IN conforma-
tion.

Mutant viruses encoding the C130S mutation in IN are
replication defective. To determine the role of Cys of HIV-1
IN during viral replication, we constructed several mutant viral

FIG. 1. Recombinant wild-type and mutant HIV-1 INs. (A) Sche-
matic representation of wild-type HIV-1 IN and Cys mutants used in
the in vitro assays. N and C, N and C termini of the protein, respec-
tively. The open boxes represent the N-terminal domain (amino acids
1 to 50) containing the conserved zinc-binding HHCC motif, the
shaded boxes represent the central core domain (amino acids 51 to
212) containing the catalytic DD(35)E motif, and the solid boxes
represent the C-terminal domain (amino acids 213 to 288). The six Cys
residues and their amino acid positions are indicated in the wild-type
IN (construct a). Replacements of Cys by Ser are indicated in both
IN-NR (construct b) and IN-C56/65/280S (construct c). (B) Coomassie
blue-stained SDS-polyacrylamide gel of 100 pmol of purified recom-
binant wild-type IN (WT; lane 1) and its mutant derivatives containing
Cys-to-Ser substitutions at positions 56, 65, 130, and 280 (IN-NR; lane
2) or at positions 56, 65, and 280 (IN-C56/65/280S; lane 3). Molecular
mass markers (Gibco) are shown in lane 4 and are labeled in kilodal-
tons on the right.

FIG. 2. Enzymatic activities of wild-type and mutant HIV-1 INs in
vitro. (A) 3�-end processing. (B) Strand transfer. (C) Disintegration. In
all three panels, lane 1 contained the labeled substrate only, lane 2 had
a reaction mixture containing the wild-type IN, and lanes 3 and 4 had
reaction mixtures containing the mutant IN-NR and IN-C56/65/280S,
respectively. The migration positions of the substrates (S) and products
(P, 3�-end processing or disintegration product; STP, strand transfer
product) are marked. For each in vitro assay, a model of the reaction
substrate and products is at the right of the gel. The solid circles
indicate the positions of the 32P label at the 5� end of the oligonucle-
otide. The thick lines represent viral sequences, and the thin lines
represent target sequences. The numbers in parentheses indicate the
lengths in nucleotides of substrates and products.
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clones encoding one or two Cys-to-Ser mutations in the IN
gene of the molecular clone NL4-3 (Fig. 3A and B). Virions
were prepared by transient transfection of 293T cells with
plasmid DNA containing wild-type or mutant HIV-1 clones.
The viral titer was determined by measuring the level of viral
capsid (CA; p24) protein in the culture medium. The titers of
mutant viral clones, ranging from 500 to 1,100 ng of p24/ml,
were similar to that of the wild type (800 ng/ml).

Equal amounts (20 ng) of p24 equivalent of wild-type or
mutant viral stocks were used to infect CEM cells. The infec-
tivities of mutant viruses were measured by the release of viral
particles and the appearance of syncytia in the culture media
over 10 days. Cells infected with wild-type NL4-3 or the mutant
virus NL-C56S, NL-C65S, or NL-C56/65S developed syncytia 4
days postinfection. However, syncytia were not observed in
cells infected with NL-C130S, NL-C56/130S, or NL-C65/130S
during the 10-day culture period (data not shown). The mutant
viruses NL-C56S, NL-C65S, and NL-C56/65S exhibited wild-
type-like replication kinetics, with p24 production peaking 4 to
6 days postinfection (Fig. 3C and D). Cells infected by NL-
C130S, NL-C56/130S, or NL-C65/130S failed to generate de-

tectable levels of p24 in the culture media, indicating that these
viruses were noninfectious (Fig. 3C and D). Since none of the
Cys mutations contained in NL-C56S, NL-C65S, or NL-C56/
65S led to altered replication kinetics, the replication defect
seen in NL-C130S, NL-C56/130S, and NL-C65/130S mutant
viruses is therefore due to the C130S mutation of HIV-1 IN; it
is the only mutation absent in the replication-competent mu-
tant viruses and the only mutation shared by all the defective
viruses. This finding is consistent with a previous report dem-
onstrating a loss of viral infectivity in an HIV-1 clone, BRU,
containing a C130G mutation within IN (40).

Viral attachment and entry, and proteolytic processing and
packaging of viral proteins, are normal for all mutant viruses.
We measured the amounts of cell-associated and intracellular
p24 in infected cells to examine whether the Cys mutations
affected virus attachment and entry. This was particularly per-
tinent for the C130S-containing viruses, which were unable to
replicate. The cell-associated p24 levels, which account for
internalized virions as well as those on the membrane surface,
from cells infected with either wild-type or various mutant
viruses were not significantly different (P � 0.05), ranging from

FIG. 3. Replication kinetics of mutant HIV-1 viral clones. (A) Genomic organization of HIV-1. The IN-coding sequence, represented by a dark
shaded box, is expanded to show the positions of Cys residues. The IN domains are described in the legend to Fig. 1A. (B) HIV-1 clones containing
a mutated IN. Viral clones encode either a single Cys-to-Ser mutation at amino acid residue position 56 (construct a), 65 (construct b), or 130
(construct c) or two Cys-to-Ser mutations at positions 56 and 65 (construct d), 56 and 130 (construct e), or 65 and 130 (construct f) of IN.
(C) Replication kinetics of wild-type and single-Cys mutant viruses. CEM cells were infected with equal amounts of p24 equivalent of the wild type
(E) or single-Cys mutant NL-C56S (	), NL-C65S (ƒ), or NL-C130S (�). (D) Replication kinetics of wild-type and double-Cys mutant viruses.
CEM cells were infected with wild-type (E) or double-Cys mutant NL-C56/65S (Œ), NL-C56/130S (�), or NL-C65/130S (■ ). In both panels C and
D, the culture media were monitored for p24 production at the indicated time points postinfection. Mock infection was carried out with
heat-inactivated wild-type virus (F).
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305.3 
 45.1 to 422.0 
 58.0 pg/106 cells (Table 1). The intra-
cellular p24 levels, which were measured after trypsin digestion
to remove plasma membrane-attached viruses, were also sim-
ilar among the wild-type and mutant viruses (Table 1). The
result suggested that the Cys mutations of IN have no signifi-
cant effects on virus attachment and entry.

To examine whether the lack of infectivity of C130S mutants
of HIV-1 IN was caused by a disruption of the viral protein
synthesis, packaging, or polyprotein processing, we examined
the composition of the mutant viral particles by Western blot-
ting. The lysates of wild-type and mutant viruses were resolved
by SDS-PAGE, blotted onto a nitrocellulose membrane, and
probed with anti-HIV-1 human serum (Fig. 4). The Gag pre-
cursor proteins Pr55 and Pr41, along with its processed prod-
ucts matrix (MA; p17) and CA (p24), were present in both
wild-type and mutant virions. The three processed products of
the 160-kDa Gag-Pol precursor, IN (p32) and the p51 and p66
subunits of RT, were also present in all mutant virions. Com-
pared to the level found in the wild-type NL4-3 (Fig. 4, lane 1),

the amounts of processed IN present in NL-C130S and NL-
C56/130S were lower (Fig. 4, lanes 4 and 6). We do not know
if this was due to a lower level of incorporation, an alteration
in polyprotein processing or degradation, or the qualitative
nature of the Western analysis. However, for NL-C65/130S,
which contains the C130S substitution and is replication de-
fective, the levels of IN and RT after normalization with p24
were similar to those of the wild-type virus (Fig. 4, lane 7). The
results demonstrated that the mutant viruses did not have a
severe defect in viral-protein expression, assembly, release, or
maturation.

Mutant viruses encoding the C130S mutation contain a
functional RT but are impaired in viral-DNA synthesis. Ge-
netic studies have shown that certain mutations in IN affect
reverse transcription (18, 35, 37, 52). Since none of the Cys
mutants were impaired in entry or in the late stages of viral
replication, the abilities of mutant viruses to synthesize viral
DNA during infection were examined using the TaqMan real-
time PCR method (25). The CD4� T cells were infected with
identical amounts of wild-type or mutant viruses, as deter-
mined by the p24 content, and the results were normalized by
the total amount of input cellular DNA. For the wild-type
virus, 7,000 copies of HIV-1 cDNA per �g of cellular DNA
were present 8 h postinfection (Fig. 5A). All the replication-
competent mutants, including single- and double-Cys mutants
at positions 56 and 65, showed comparable amounts of the
early cDNA product, albeit at a level about sevenfold less than
that of the wild type. Importantly, for all the C130S-containing
mutant viruses, which were replication defective, the early
R-U5 reverse-transcription product was completely absent
(Fig. 5A). Our results indicated that the loss of infectivity seen
in the C130S mutant viruses was due to the defect in viral DNA
synthesis before integration.

Certain IN mutations that produced replication-defective
virions have reduced levels of particle-associated RT activity
(48, 49). To examine whether the lack of viral DNA synthesis
in the C130S mutant virion was due to an alteration in the
intrinsic activity of RT, the particle-associated activity of RT
was assayed. Wild-type and the C130S-containing mutant vi-
ruses were lysed in detergent, and an exogenous template-
primer and a radiolabeled nucleotide were added to the viral
lysate. The activity of RT in the detergent-lysed virions was
measured by the retention of the incorporated radioactive nu-
cleotide on the positively charged filter. In three independent
experiments, all mutant viruses encoding the C130S mutation
exhibited considerable levels of RT activity, ranging from 68 to
100% of that of the wild-type virus (Fig. 5B). Although the
intrinsic RT activity of NL-C130S was significantly less (P �
0.05) than that of the wild type, the 32% decrease in activity
could not account for the complete absence of early reverse-
transcribed products in cells infected with NL-C130S (Fig. 5A).
Furthermore, both NL-C56/130S and NL-C65/130S, which also
were unable to synthesize viral cDNA (Fig. 5A), had levels of
intrinsic RT activity similar to that of the wild-type virus (Fig.
5B). Taken together, the results indicated that the lack of early
reverse-transcription products in cells infected with viruses car-
rying the C130S mutation is not due to a difference between
the intrinsic RT activities in the mutant and wild-type viruses.

The C-terminal domain of HIV-1 IN interacts with RT, and
C130S substitution of HIV-1 IN disrupts the RT-IN interac-

FIG. 4. Western blot analysis of HIV-1 proteins in viral particles.
Each lane contains proteins from 50 ng of p24 equivalent of viral
lysates separated on an SDS–12% polyacrylamide gel and probed with
anti-HIV-1 human serum. Lane 1, wild-type virus (WT); lanes 2 to 7,
various Cys mutant viruses as identified above the lanes. The numbers
on the left are molecular masses in kilodaltons, and the labels on the
right correspond to positions of viral proteins or their precursors.

TABLE 1. Effects of Cys mutations of IN on CEM cell virus
attachment and entry

Virus
p24 level (pg/106 cells)a

Without trypsin With trypsin

Heat inactivatedb 96.7 
 5.2 3.5 
 0.7
WTc 395.3 
 41.1 31.3 
 4.8
NL-C130S 305.3 
 45.1 34.5 
 6.4
NL-C56/130S 415.3 
 31.0 28.8 
 3.5
NL-C65/130S 422.0 
 58.0 29.0 
 7.0

a Values are expressed as the mean 
 standard error of three or four inde-
pendent experiments.

b Wild-type NL4-3 viruses were heated at 70°C for 20 min.
c WT, wild type.
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tion. Both RT and IN are parts of the PIC (20, 38), and their
enzymatic activities can influence one another (50). Previous
studies demonstrated that a physical interaction exists between
RT and IN of HIV-1 and murine leukemia virus (MLV) (28,
50, 58). Therefore, we examined the ability of the C130S mu-
tant of HIV-1 IN to interact with RT in vitro (Fig. 6A). In the
absence of HIV-1 RT heterodimer, wild-type HIV-1 IN was

not immunoprecipitated by the anti-HIV-1 RT polyclonal an-
tibody (Fig. 6A, lane 8), indicating that the anti-HIV-1 RT
polyclonal antibody did not cross-react with IN under the assay
conditions. Addition of RT to the reaction mixture resulted in
coimmunoprecipitation of HIV-1 IN (Fig. 6A, lane 9), con-
firming the previous findings that RT and IN physically interact
(28, 50, 58). However, when the Cys mutant IN-NR (Fig. 6A,
lanes 4 and 5) or IN-C56/65/280S (Fig. 6A, lanes 6 and 7) was
used instead of the wild-type IN, only IN-C56/65/280S was
pulled down by the anti-RT antibody in the presence of RT
(Fig. 6A, lane 7). The two IN mutants differ from each other by
only one amino acid residue at position 130: IN-C56/65/280S
contains Cys, while IN-NR contains Ser (Fig. 1A). The result

FIG. 5. cDNA synthesis and RT activities of wild-type and mutant
viruses. (A) Quantitative analysis of viral cDNA synthesis by real-time
PCR. The amount of early reverse-transcribed viral DNA present in
CEM cells was measured 8 h after infection with the wild-type (WT) or
mutant viruses (shaded bars). All viral stocks were treated with RNase-
free DNase I to remove potential contamination by plasmid DNA. The
culture medium alone was used in the mock infection (hatched bar),
and equivalent amounts of the respective heat-inactivated viruses
(solid bars) were used as negative controls for infection. For normal-
ization of the DNA input of each sample, the human �-globin gene was
amplified under identical PCR conditions. The results are expressed as
the number of copies of HIV-1 cDNA detected per microgram of total
DNA extracted from infected cells. The values shown represent the
averages of two independent experiments. In each experiment, the
standards and test samples were run in duplicate. (B) Particle-associ-
ated RT activities of wild-type and C130S-containing mutant viruses.
After transient transfection of 293T cells, WT (shaded bar) and mutant
(open bars) viruses were harvested, concentrated, lysed, and assayed
for particle-associated RT activity as described in Materials and Meth-
ods. The result for each viral clone is shown as the mean 
 standard
error of three experiments using independently derived virus stocks.

FIG. 6. Interaction between HIV-1 IN and RT. (A) Coimmuno-
precipitation of RT and IN in vitro. Lane 1 contained the heterodimer
purified RT (p66/p51), and IN and served as a positive control for
immunoblotting and size markers. Lane 2 was a negative control and
contained only the rabbit anti-HIV-1 RT polyclonal antibody. Lane 3
was a complete reaction without IN. For the coimmunoprecipitation
experiments, wild-type HIV-1 IN (p32; lanes 8 and 9) or the Cys
mutant derivative IN-NR (lanes 4 and 5) or IN-C56/65/280S (lanes 6
and 7) was incubated in the absence (lanes 4, 6, and 8) or presence
(lanes 5, 7, and 9) of purified HIV-1 RT. The RT or RT-IN complex
was immunoprecipitated with the rabbit anti-HIV-1 RT polyclonal
antibody as described in Materials and Methods. The top blot was
probed with the mouse anti-RT monoclonal antibody (�RT), and the
bottom blot was probed with the rabbit anti-IN polyclonal antibody
(�IN). The 50-kDa bands in lanes 2 to 9 correspond to the immuno-
globulin G heavy chain (IgG-�) that cross-reacted with the mouse
anti-RT monoclonal antibody used for immunoblotting. (B) Mapping
of the IN domain that interacts with RT. Various HIV-1 IN truncation
mutants (as labeled above the lanes) were incubated with RT and
immunoprecipitated using the rabbit anti-HIV-1 RT polyclonal anti-
body as described above. The blot was probed with anti-HIV-1 human
serum.
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indicated that the C130S substitution abolishes the in vitro
physical interaction between RT and IN.

A more direct approach than the use of IN-NR to test the
role of C130 in interacting with RT is to prepare purified IN
containing only the C130S substitution. However, due to ex-
tensive degradation, we were unable to obtain a reasonable
yield of the mutant protein.

To map the IN domain involved in interacting with RT, we
carried out a coimmunoprecipitation experiment using HIV-1
RT heterodimer and various truncation mutant derivatives of
HIV-1 IN (Fig. 6B). The ability of the N-terminally truncated
mutant (Fig. 6B, lane 1) or the C-terminal domain only (Fig. 6B,
lane 4), but not the core domain only (Fig. 6B, lane 2) or the
C-terminally truncated mutant (Fig. 6B, lane 3), to coimmuno-
precipitate with RT indicated that the C-terminal domain of IN
(residues 213 to 288) is involved in interacting with RT.

The RT-IN interaction does not require a disulfide linkage.
The observed physical interaction between IN and RT may
involve the formation of a disulfide linkage between C130 and
a free Cys in RT. Such an interaction cannot take place when
C130 is replaced with Ser. Immunoprecipitation experiments
showed that MLV IN is associated with RT through a disulfide
linkage (28). Since C130 is located in the core domain of
HIV-1 IN and the interacting domain was mapped within the
C terminus, a more plausible explanation is that replacing Cys
at position 130 of IN with Ser alters the recognition interface
of IN that is critical for interacting with RT. To verify that IN
does not interact with RT via disulfide linkages, the IN-RT
complex was first immunoprecipitated with anti-RT antibody
as described earlier and then treated either with the reducing
agent �-ME or left untreated before separation by nonreduc-
ing SDS-PAGE and detection by Western blotting using an-
ti-IN antibody (Fig. 7A). As expected, in the presence of
�-ME, all the IN that was pulled down by RT was in mono-
meric form (Fig. 7A, lane 4). As an internal control, the re-
duction of the disulfide bond by the addition of �-ME was
confirmed by the conversion of the 150-kDa rabbit immuno-
globulin complex (Fig. 7A, lanes 1 and 2) to the 50-kDa mo-
nomeric heavy chain (Fig. 7A, lanes 3 and 4). In the absence of
�-ME (Fig. 7A, lane 2), the IN coimmunoprecipitated with RT
was mostly monomeric, with �15% migrating as a dimer (�64
kDa). The dimeric IN presumably was linked by an intermo-
lecular disulfide bond via Cys at position 280 (5). However, an
immunoreactive product corresponding to the RT-IN complex
was not detected when the blot was probed with antibody
against IN (Fig. 7A, lane 2) or RT (data not shown). The
absence of RT-IN complex under nonreducing conditions sug-
gested that the interaction between IN and RT does not in-
volve disulfide bond formation.

To further confirm that IN did not interact with RT via
disulfide linkage, wild-type IN was incubated with N-ethylma-
leimide (NEM) before being subjected to the coimmunoprecipi-
tation analysis. NEM alkylates reactive Cys residues and renders
them incapable of forming disulfide bonds. Treatment of IN with
2- or 10-fold molar excess of NEM did not affect its ability to
coimmunoprecipitate with RT (Fig. 7B, lanes 3 to 6). The result
is consistent with the observation that the interaction between IN
and RT is independent of disulfide linkage formation.

DISCUSSION

We examined the role of Cys residues of HIV-1 IN in the
enzymatic activity of the protein in vitro and during replication
of the virus in cell cultures. Although none of the four Cys
residues located in the core and C-terminal domains are re-
quired for the enzymatic activity of IN in vitro, we found that
Cys at position 130 is essential during viral replication. Unlike
Cys substitutions at positions 56 and 65, mutant viruses encod-
ing the C130S mutation were unable to replicate in T-cell lines.
To determine at which step during the viral life cycle the
replication block occurred, the mutant viruses were subjected
to various biochemical assays. We found that the titers of
wild-type and mutant viruses, as measured by the concentra-
tion of viral capsid protein, are similar after transient transfec-
tion of producer cells. The mutant viruses harvested from the
culture medium after transfection contain wild-type levels of
viral precursor and mature proteins. These results indicate that
the postintegration steps, such as protein expression, packag-
ing, processing, and maturation, are not affected by the Cys
mutations. In addition, the early steps of attachment and entry
of mutant viruses appear to be normal, as measured by the
level of capsid protein in infected cells. The only defect iden-
tified during the replication of the C130S-containing virus oc-
curs at reverse transcription, as the early reverse-transcribed
DNA product was undetectable in infected cells. However, the
defect is not due to the absence or inactivity of RT, since the
detergent-lysed virions containing the C130S mutation have
intrinsic RT activity comparable to that of the wild type.

Several studies have shown that mutations of IN can pro-
duce pleiotropic effects during HIV-1 replication (10, 18, 52,
57). Besides integration, these include early steps in the viral
life cycle, such as reverse transcription (35, 37, 52, 58) and
nuclear import of PICs (22, 52), as well as the late postintegra-
tion steps, such as polyprotein processing, assembly, and mat-
uration (8, 42, 48). The mechanisms by which IN or its mutants
exert these multiple effects are likely diverse and are presently
poorly understood. Since IN is synthesized and packaged into
the immature virion as part of the Gag-Pol polyprotein, many
of the alterations in the virion morphology and the late steps of
replication are likely attributable to the effects of IN mutations
on the Gag-Pol precursor protein (8, 42). However, certain IN
mutations, such as H12L, H16V, C43L, S81R, F185A, and
Y143G, specifically impair nuclear import or reverse transcrip-
tion without affecting the Gag-Pol polyprotein and other steps
in the life cycle (35, 37, 58). Our results show that the C130S
substitution in IN belongs to the latter category. Furthermore,
disruption of reverse transcription by IN mutations has also
been demonstrated in MLV (34) and the yeast retrovirus-like
element Ty3 (39), suggesting that the involvement of IN could
be a general property shared by retroviruses and retrotrans-
posons.

How does a mutation in IN specifically interfere with reverse
transcription? There is increasing evidence that IN physically
interacts with RT. For avian viruses and human T-cell leuke-
mia virus type 1, IN is an integral part of RT and forms a
functional heterodimeric or oligomeric complex with the pro-
cessed RT (24, 51). For HIV-1 and MLV, both RT and IN are
present within the same nucleoprotein complex during reverse
transcription (20, 21, 30), and direct interaction between the

5052 ZHU ET AL. J. VIROL.



two proteins is supported by biochemical analyses in vitro (28,
50, 58). The specific RT-IN interaction is also confirmed by a
pull-down assay with glutathione S-transferase or His tag, and
the RT-binding site on IN is mapped to the C-terminal domain
(27a), corroborating our results reported here. The finding that
IN interacts with RT is consistent with the requirement for IN
during reverse transcription. However, the question of whether
the RT-IN interaction observed in vitro is biologically signifi-
cant has not been addressed. Also, it has not been determined
if the IN mutations that fail to support reverse transcription in
vivo are incapable of interacting with RT in vitro. In this study,
we showed that INs containing Cys substitutions at positions 56
and 65, which can support the initiation of reverse transcrip-
tion, retain the ability to physically interact with RT. Con-
versely, viruses harboring the C130S mutation have a complete
absence of reverse-transcription product, and purified C130S-
containing IN fails to interact with RT in vitro. Although the
mechanism is still unknown, these results reveal a direct cor-
relation between IN mutations that impair reverse transcrip-
tion in vivo and the ability of the IN mutant to interact with RT
in vitro. Taken together, the data suggest that the RT-IN
interaction in vitro is biologically relevant and has an impor-
tant function during viral replication. Experiments are under
way to examine the abilities of other known reverse-transcrip-
tion-defective IN mutants to coimmunoprecipitate with RT
and to determine whether the physical interaction between RT
and IN occurs in vivo.

A common mechanism for assembling protein complexes is
through the formation of intermolecular disulfide bonds be-
tween Cys residues of different protein subunits (for examples,
see references 46 and 56). Although the structure of the full-
length HIV-1 IN has not been determined, the structures of
the truncated variants show that C130 is buried within a hy-
drophobic cavity (11, 23, 55). Thus, C130 is unlikely to be
available to form a disulfide bond with RT. The absence of an
RT-IN complex under nonreducing conditions and the inabil-
ity of NEM to prevent IN from interacting with RT also indi-
cate that the interaction between RT and IN does not involve
intermolecular disulfide linkages. Furthermore, the RT-inter-
acting region of IN has been mapped to the C-terminal do-
main, which does not include the C130 residue. Therefore, we
hypothesize that the C130S substitution disrupts the protein
recognition interface of the C-terminal domain of IN and abol-
ishes its ability to interact with RT. The presence of a minor
structural alteration induced by the Cys substitution is sup-
ported by the indirect evidence that the C130S IN mutant has
a significantly weak strand transfer activity and an altered phys-
ical property that led to its instability during purification (ref-
erence 5 and data not shown).

Although RT itself is sufficient to catalyze RNA- and DNA-
dependent polymerization in vitro, the reaction in vivo of
HIV-1 can be affected by several viral factors, including MA,
nucleocapsid, Nef, Tat, and Vif (2, 15, 27, 32, 44). The pheno-

FIG. 7. RT-IN interaction does not involve disulfide bond forma-
tion. (A) Effect of a reducing agent on RT-IN interaction. HIV-1 IN
was incubated in the absence (�) (lanes 1 and 3) or presence (�)
(lanes 2 and 4) of RT and immunoprecipitated with a rabbit anti-
HIV-1 RT polyclonal antibody. The immunoprecipitated complex was
left untreated (lanes 1 and 2) or treated with �-ME (lanes 3 and 4),
separated by SDS-PAGE, and analyzed by Western blotting using the
rabbit anti-IN polyclonal antibody. The 64-kDa band in lane 2 corre-
sponds to IN homodimers (5). The lower level of IN in lane 4 com-
pared to lane 2 is due to a direct effect of �-ME on IN, possibly by
altering the reactivity of IN to the anti-IN antibody. IgG-�, immuno-
globulin G heavy chain. (B) Effect of an alkylating agent on RT-IN
interaction. Forty picomoles of HIV-1 IN in a final volume of 10 �l was
preincubated at room temperature for 15 min in buffer C (20 mM
HEPES-Na, pH 6.8, 250 mM NaCl, 0.2 mM MgCl2) with (lanes 1 and
2) or without (lanes 3 to 6) 10 mM DTT (20 mM equivalent of free
sulfhydryls). The IN was then treated with 3.6 (2� molar excess; lanes
3 and 4) or 18 (10� molar excess; lanes 1, 2, 5, and 6) mM NEM for
1 h at 4°C. In lanes 3 to 6, the activity of NEM was quenched with 10
mM DTT. The samples were then added to buffer C with (lanes 2, 4,
and 6) or without (lanes 1, 3, and 5) RT. Coimmunoprecipitation was
carried out with the rabbit anti-HIV-1 RT polyclonal antibody. The
immunoprecipitated complex was eluted with the buffer containing
�-ME, and the rest of the procedure was as described for panel A. The
extent of NEM modification was monitored using electrospray ioniza-
tion-mass spectrometry. At 2� molar excess of NEM, all INs were
modified, and the distribution of INs containing four, five, and six
NEM adducts was �35, 50, and 10%, respectively (data not shown).

The IN with four NEM adducts likely represented Cys modification at
positions 56, 65, 130, and 280, since the Cys residues at positions 40
and 43 are bound with zinc and therefore should be much less reactive.
The extent of NEM adduct formation at 10� excess was not deter-
mined.
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type of the C130S mutant, together with the activities of other
IN mutants described previously (35, 37, 58), provides strong
evidence that IN is critical for reverse transcription. However,
to conclude unequivocally that the defect caused by the C130S
substitution in IN is direct and specific for initiating reverse
transcription, additional experiments are needed to test other
alternatives, such as the uncoating of viral particles, the assem-
bly and function of the reverse-transcription complex, and the
incorporation of the tRNA primer. In addition, we have not
formally ruled out the possibility that replacing Cys at residue
130 with Ser may produce a gain-of-function mutation, result-
ing in the suppression of RT activity. Also, the precise mech-
anism by which the physical interaction between RT and IN
can affect reverse transcription remains to be determined.

In summary, we have demonstrated that although a C130S
substitution in HIV-1 IN does not abolish the protein’s cata-
lytic activities in vitro, this substitution leads to a block in
reverse transcription in vivo. The effects of the various Cys
mutants on reverse transcription in infected cells are corrob-
orated by the coimmunoprecipitation experiment in vitro, sug-
gesting that the physical interaction between RT and IN is
biologically relevant. Based on these data, we propose that
mutation of the Cys residue at position 130 of IN to Ser
abolishes the IN-RT interaction, resulting in a defect in the
initiation of reverse transcription and the subsequent loss of
infectivity of the C130S-containing virus.
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