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The human immunodeficiency virus type 1 (HIV-1) integrase (IN) protein augments the initiation of reverse
transcription. Chimeric HIV-1 containing HIV-2 IN (SG3™?) is severely impaired in virus infectivity and DNA
synthesis. To analyze the nature of this defect, we infected T cells with the chimeric SG3™ virus and by
continuous passage in cell culture selected for virus with improved replication properties. Viruses from two
different time points were chosen for further analysis, an early culture-adapted virus (CF-65) that exhibited an
intermediate level of infectivity, and a later-passaged virus (CF-131) that was significantly more infectious.
Sequence analysis of multiple clones derived from the CF-65 virus culture demonstrated a diversity of
mutations in the reverse transcriptase (RT) and a common V2041 IN mutation. Analysis of clones derived from
the CF-131 virus indicated the selection of two additional IN mutations, Q96H and K127E, and a fixed V1791
RT mutation. By cloning RT and/or IN sequences back into the original SG3™2 chimeric virus, we demon-
strated that mutations in both RT and IN contributed to the improvement in viral fitness. The effect of the
HIV-2IN(IN?) mutations on virus DNA synthesis was analyzed by packaging IN> mutants into HIV-1 as
Vpr-IN? fusion proteins. This analysis revealed that the Q96H, K127E and V2041 mutations increased the
infectivity of the chimeric virus by augmenting the initiation of viral cDNA synthesis in infected cells. The
Q96H and K127E mutations are present in adjacent helical structures on the surface of the IN protein and
together account for most of the increase observed in DNA synthesis. Our findings provide evidence that the
IN protein augments the initiation of reverse transcription through specific interactions with other viral
components comprising the initiation complex. Moreover, they implicate specific regions on the surface of IN
that may help to elucidate mechanisms by which the HIV-1 IN protein augments the initiation of HIV-1 reverse

transcription in vivo.

Human immunodeficiency virus type 1 (HIV-1) encodes
protease (PR), reverse transcriptase (RT), and integrase
(IN) as parts of a large Gag-Pol precursor polyprotein
(Pr16092eFel)  Pr1609+&-Po! plays an important role in virion
assembly and is essential for the formation of infectious virions
(for a review, see reference 11). Mutagenesis of the C-terminal
region of Pr1609*¢*°! (RT and IN domains) has been associ-
ated with defects in virion assembly, release, maturation, and
protein composition (2, 4, 7, 8, 26, 31). Consequently, these
defective viruses may appear to be impaired in early steps of
the virus life cycle, such as uncoating and viral DNA synthesis.

Molecular genetic analysis of IN has revealed pleiotropic
effects of mutations among different retroviruses. Mutation of
nonconserved amino acids within the IN gene of Ty3 (a retro-
virus-like element of Saccharomyces cerevisiae) affects multiple
stages of the retrotransposition life cycle, including RT and IN
expression, 3’-end DNA processing, and nuclear entry (23).
These mutations also appear to reduce the level of replicated
DNA despite normal levels of exogenous RT activity and cap-
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sid maturation (23). Certain point mutations or linker insertion
mutations in the Moloney murine leukemia virus (MLV) IN
domain impair virion production and proteolytic processing of
Gag and Pol (27-29). Similarly, certain HIV-1 IN mutations
can cause defects in virion assembly, production, maturation,
and nuclear import of the preintegration complex (2-5, 7, 26,
31). Mutations in the HIV-1 IN coding sequence have been
shown to impair viral DNA synthesis in infected cells. Muta-
tions that inhibit translation of the entire IN protein or a small
portion (22 amino acids) of its carboxy terminus reduce the
amount of early viral DNA products detected by PCR, and
viruses containing either point mutations in the N-terminal
zinc finger or the central domain (F185) exhibit a similar phe-
notype (7, 8, 18, 20, 37).

Because of the pleiotropic effects of IN mutations, trans-
complementation approaches have been exploited to help an-
alyze the role of the mature IN protein in early steps of the
virus life cycle. By expressing viral protein R (Vpr)-IN fusion
protein (Vpr-IN) in frans with HIV-1, IN can be assembled
into progeny virions via the interaction of Vpr with Gag and
then liberated by the viral protease (38, 39). Studies with IN
mutant viruses that exhibit a defect in DNA synthesis demon-
strated efficient complementation by the frans-IN protein (37).
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trans-Complementation has also been used successfully to
study the early IN function of Ty3 and MLV. The DNA syn-
thesis defect of an IN mutant MLV was complemented by
expressing MA-CA-IN fusion protein in trans, and the expres-
sion of a CA-RT-IN fusion protein complemented transposi-
tion and increased the amount of cDNA of some Ty3 IN
mutants (16, 22). Similar to HIV-1, frans-complementation of
Ty3 and MLV DNA synthesis did not require catalytic activity
of the frans-IN protein.

The HIV-2 (strain ST) IN shows 58% identity with the
HIV-1 (strain SG3) IN at the amino acid level. Complemen-
tation analysis with a heterologous (HIV-2) trans-IN protein
(Vpr-IN?) was used to probe for virus- and integrase-specific
interactions required for efficient cDNA synthesis. By comple-
menting an IN mutant of HIV-1 that produced a wild-type
level of cDNA but was defective in integration, the trans-IN?
protein was shown to integrate (55% of wild-type activity)
HIV-1 provirus into the DNA of infected cells (19). This is
consistent with in vitro studies that demonstrated that HIV-2
IN supports 3'-end processing and strand transfer of an oligo-
nucleotide substrate that mimics the end of the HIV-1 viral
DNA molecule (34). However, the heterologous trans-IN? pro-
tein did not efficiently complement viral DNA synthesis, sug-
gesting that this function requires virus type-specific interac-
tions between the integrase protein and other components of
the reverse transcription complex (19, 37).

To further analyze the effect of IN on the initiation of HIV-1
DNA synthesis, we took advantage of a chimeric HIV-1 virus
(SG3™2) in which the HIV-2 IN coding region (IN?) was
inserted in place of the cognate IN. This chimeric virus exhibits
a severe defect in infectivity and DNA synthesis (19). In this
report, we describe the emergence, isolation, and characteriza-
tion of culture-selected chimeric viruses. Genetic analysis dem-
onstrated that the selected viruses contained mutations in var-
ious regions of the viral genome, including the RT and IN?
coding sequences. By expressing the mutated IN? as a Vpr-IN?
fusion protein in trans with HIV-1 integrase-defective virus, we
demonstrated that mutations in IN (Q96H, V2041, and K127E)
significantly increased viral DNA synthesis and were princi-
pally responsible for the improved fitness of the chimeric virus.
The results of this study implicate specific regions on the IN
proteins that may play a role in augmenting HIV-1 DNA
synthesis.

MATERIALS AND METHODS

Cells and antibodies. The TZM-bl (previously named JC53-BL) (36), 293T,
and JC53 (25) cell lines were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U of penicillin
per ml, and 0.1 mg of streptomycin per ml (complete DMEM). SupT1 cells were
maintained in RPMI 1640 medium supplemented with 15% FBS and 0.1 mg of
gentamicin per ml. The anti-HIV-1 capsid monoclonal antibody 183-H12-5C
(contributed by B. Chesebro and K. Wehrly) was obtained through the AIDS
Research Reference and Reagent Program, National Institutes of Health. The
HIV-2 IN protein was detected by using serum (designated 7312A) from an
HIV-2-infected individual that was especially reactive to IN by immunoblot
analysis.

HIV proviral clones and expression plasmids. The HIV-1 pSG3 proviral clone
(GenBank accession no. 1.02317) contains all of the HIV-1 genes with the
exception of vpu (10). To facilitate molecular genetic analysis, unique Xmal and
BamHI restriction sites were introduced near the beginning (nucleotide 2136)
and end (nucleotide 3760) of the RT coding region (38). The chimeric HIV-1
pSG3™2 proviral clone contains the HIV-2 (ST strain, GenBank accession no.
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M31113) IN coding sequence and a unique Mlul site near the end of IN (nucle-
otide 4623) in addition to the unique Xmal and BamHI sites described above.
The details of its construction were reported earlier (38). The pNL4-3 proviral
clone (1), like pSG3, contains natural BssHII and Sall sites at nucleotide posi-
tions 258 and 5331, respectively. The chimeric HIV-1 pNL4-3'™2 clone was made
by inserting the BssHII-Sall fragment from pSG3™2 into the BssHIT and Sall
sites of pNL4-3. Because of the chimeric nature of some viral constructs, the
nucleotide positions for all HIV-1 sequences are given as they would appear in
the SG3 sequence, while all HIV-2 IN nucleotide positions are given as they
would appear in the ST sequence.

pLR2P-vprIN? expression plasmids were constructed to contain each of the
IN? mutations found in the CF-131 IN gene, either individually or in various
combinations. To introduce these mutations, two subgenomic fragments of IN?
were generated by PCR. A first PCR fragment was generated with the sense
(5'-AACAAATCAGAAGACTGAG-3’, nucleotides 3512 to 3530, pSG3) and
the antisense (5'-CTTCCTGACTAGTGAAGTTGGCACCATT-3’, nucleotides
4429 to 4405, ST) primers. This fragment contains BamHI (nucleotide 3760) and
Spel (nucleotide 4420) restriction sites and encodes amino acids 555 of RT to 123
of IN2 Introduction of the Spel site was accomplished by changing the TCA
codon (S123) to the synonymous AGT codon by PCR with the antisense primer
(underlined).

DNA was amplified from pSG3™? to obtain a product encoding the wild-type
Q96 amino acid, while the 3A17 clone was used as the template to produce a
DNA fragment encoding the Q96H mutation. The second PCR product com-
prised a Spel (nucleotide 4420) to Xhol (nucleotide 4643) DNA fragment en-
coding amino acids 122 of IN? to the stop codon. To produce a Spel/Xhol DNA
fragment containing K127 and V2041, the 3A17 clone was used as the template
with the following PCR primers: sense (5'-AACTTCACTAGTCAGGAAGTA
AAGATGGTGGCATGG-3', nucleotides 4414 to 4449, ST) and antisense (5'-T
TATCCTCGAGCTAATCCTGTCTACGCGTGTTGG-3', nucleotides 4643 to
4625, ST). In the sense primer, the Spel site is underlined and the codon for
amino acid K127 is in boldface. The Xhol site is underlined in the antisense
primer. The K127- and V204-containing fragment was generated with the same
primer pair, but pSG3™2 was used as the template.

To generate a Spel-Xhol DNA fragment containing the K127E and V2041
mutations, the following primers were used to amplify a fragment from the 3A17
clone: sense (5'-AACTTCACTAGTCAGGAAGTAGAGATGGTGGCATGG-
3’, nucleotides 4414 to 4449, ST) and antisense (4643 to 4625) (described
above). A DNA fragment encoding K127E was generated with the same
primer pair with pSG3™? as the template. Ligation of the first and second
DNA fragments into BamHI- and Xhol-cut pLR2P-vprIN' generated pLR2P-
vprINZ-Spel glglli{%g%?rlNQ%H, pLR2P-vprINKI27E " p R2P-vprINV2041,
pLR2P-vprIN™ " "7, pLR2P-vprIN®@96H. V2041 " 5] ROP.yprINKI27E. V2041
and pLR2P-yprINQ@o0H: KI27E, V2041 ' regnectively. The mutation(s) in each of
the constructs was confirmed by nucleotide sequencing. The construction of
pLR2P-vprIN? and pLR2P-vprIN! was described earlier (19, 38).

Sequence analysis of CF-65- and CF-131-derived clones. We sequenced 100 ng
of plasmid DNA template with 24 oligonucleotide primers. Each 10-ul sequence
reaction included 100 ng of plasmid template, 10 pmol of primer, 1 pl of ABI
BigDye terminators version 3.0, and 1.5 wl of 5X buffer. The reactions were
cycled in an MJ Tetrad with the following parameters: an initial denaturation at
96°C for 30 s; followed by 25 cycles of 96°C for 10 s, 50°C for 5 s, and 60°C for
4 min. The samples were cleaned by ethanol precipitation: 40 wl of a 62.5%
ethanol-1 M potassium acetate mixture was added, and the samples were cen-
trifuged for 45 min at 4,000 rpm at 4°C. The sequence reactions were resus-
pended in 15 pl of Hi-Di formamide (ABI) and separated on an ABI 3700
capillary electrophoresis machine. Sequence reads were processed through
Phred, Phrap, and Consed (9). Potential variations were identified with the
Polyphred version 3.4 program (21). All variations were evaluated manually to
verify sequence differences.

Transfection and virus preparation. DNA transfections were performed on
70% confluent monolayer cultures of 293T cells grown in six-well plates (Corning
Inc.) by calcium phosphate DNA precipitation as described previously (14). Six
micrograms of proviral DNA was transfected. When cotransfected, 4 pg of
proviral DNA was used together with 6 wg of the pLR2P-vprIN expression
plasmid. Supernatants from the transfected cultures were collected after 60 h,
clarified by low-speed centrifugation (1,000 X g, 10 min), and analyzed for HIV-1
p24 antigen concentration by enzyme-linked immunosorbent assay (ELISA)
(Beckman-Coulter Inc.).

Analysis of virus infectivity. Virus infectivity was analyzed with the TZM-bl
reporter cell line (previously named JC53-BL) as described earlier (36, 38). This
cell line enables quantitative measurements of HIV-1 infection in a single cycle
of infection based on activation of an integrated long terminal repeat—3-galac-
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tosidase expression cassette. Briefly, supernatants from transfected 293T or in-
fected SupT1 cell cultures were equilibrated for p24 antigen concentration, and
four fivefold serial dilutions of each virus were prepared in DMEM containing
1% FBS and 10 pg of DEAE-dextran per ml. Then 200 pl of each dilution was
used to infect monolayer cultures of TZM-bl cells. After 48 h, the cell mono-
layers were washed, fixed, and stained as described earlier (15). Wells containing
between 30 and 200 blue cell colonies were used to calculate the number of viral
infectious units (IU) per nanogram of p24 antigen. Unless otherwise noted, the
data depicted in each figure were derived from at least three independent
experiments.

Semiquantitative analysis of viral DNA. The assay for semiquantitative anal-
ysis of viral DNA was performed similarly to that described earlier (35, 37, 41).
Briefly, 500 ng (p24 antigen equivalents) of virus derived from SupT1 cell cul-
tures or transfected 293T cells was treated for 1 h at 37°C with RNase-free
DNase (20 U/ml, 1 h) (Promega Corp.). The virus was then placed onto a
monolayer culture of 10° JC53 cells for 4 h at 37°C in DMEM containing 1% FBS
and 10 ng of DEAE-dextran per ml. Then the cell monolayers were washed twice
with DMEM, and complete DMEM was added. The cells were lysed 18 h after
infection, and then total DNA was extracted. The DNA extracts were resus-
pended in 200 pl of distilled water and treated with the Dpnl restriction endo-
nuclease to digest bacterially derived plasmid DNA (from transfection).

The total DNA concentration was determined by measuring optical density at
260 nm, and an equal amount of each DNA extract was subjected to 30 cycles of
PCR amplification with primers designed to detect the early (R-US5) product of
reverse transcription: sense, 5'-GGCTAGCTAGGGAACCCACTG-3’ (nucleo-
tides 43 to 63) (41), and antisense, 5'-CTGCTAGAGATTTTCCACACTGA
C-3' (nucleotides 183 to 159) (37). The PCR products were separated on a 1.5%
agarose gel and visualized by ethidium bromide staining. The staining intensity of
each amplified DNA product was measured with a Bio-Rad GelDoc imaging
system. With Quality One software (Bio-Rad, version 4.1.1), the amount of
amplified DNA was determined by extrapolation against known concentrations
of pSG3 proviral DNA analyzed in parallel. Note that data were obtained from
at least three independent experiments, the results were reproducible, and rep-
resentative data are depicted.

Immunoblot analysis. Virions were concentrated from the supernatant of
infected cells by ultracentrifugation through cushions of 20% sucrose with a
Beckman SW41 rotor (125,000 X g, 2 h). Pellets were solubilized in loading
buffer (62.5 mM Tris-HCI [pH 6.8], 0.2%sodium dodecyl sulfate, 5% 2-mercap-
toethanol, 10% glycerol), boiled, and separated on sodium dodecyl sulfate-
containing 12.5% polyacrylamide gels. Following electrophoresis, proteins were
transferred to nitrocellulose (0.2-pm pore size) by electroblotting. The nitrocel-
lulose blots were incubated for 1 h at room temperature in blocking buffer (5%
nonfat dry milk in phosphate-buffered saline) and then with constant rocking for
1 h with primary antibodies. Protein-bound antibodies were detected by chemi-
luminescence with horseradish peroxidase-conjugated species-specific secondary
antibodies (Southern Biotechnology Associates, Inc.) according to the recom-
mendations of the manufacturer (Amersham Biosciences).

RESULTS

Selection of replication-competent SG3™2 chimeric virus.
The chimeric SG3™? virus is severely impaired in replication,
and our initial attempts to establish a productive infection in
SupT1 cells with transfection-derived virus were unsuccessful.
To increase infectivity, a virus stock was prepared by cotrans-
fecting 293T cells with Vpr-IN and pSG3™2. SupTT1 cells were
infected, and the cell culture was passaged every 4 to 5 days by
transferring 10° cells to a new culture flask containing an equal
number of uninfected SupT1 cells. After 104 days of culture,
the virus was able to establish a productive infection by cell-
free transmission to uninfected SupT1 cells. Subsequently, the
virus was continuously cell-free passaged and periodically an-
alyzed for infectivity with the TZM-bl reporter cell line. After
65 days of cell-free passage (CF-65), a substantial increase in
virus infectivity was detected (845 infectious units per ng of p24
antigen) and on day 131 (CF-131) the virus reached 6,521
IU/ng of p24 (Fig. 1). This represented a 130-fold increase in
infectivity over that of the original SG3'™? virus and a level that
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FIG. 1. Selection of SG3™? virus with increased infectivity. Five-
hundred-nanogram equivalents (HIV-1 p24 antigen) of the SG3™2
virus collected from SupT1 cells after 104 days of continuous culture
were clarified by low-speed centrifugation, filtered through a 0.45-pm
sterile filter, and used to infect 10° uninfected SupT1 cells. Every 4 to
5 days thereafter, culture supernatant was collected and filtered
through a 0.45-pm sterile filter, and serial tenfold dilutions were pre-
pared and used to challenge 10° uninfected SupT1 cells. At the time
points indicated, the cultures were analyzed for HIV-1 p24 antigen
concentration by ELISA (Beckman-Coulter Inc.) and virus infectivity
with the TZM-bl reporter cell line as described in Materials and
Methods. As a control, transfection-derived SG3™? and SG3 obtained
from chronically infected cultures of SupT1 cells were also analyzed
for p24 and infectivity. Infectivity (in infectious units [IU]) is expressed
by standardization to 1 ng of p24 antigen.

was approximately 60% of that of the wild-type SG3 virus
(10,812 IU/ng of p24). Continued passage of the culture for an
additional 80 days did not lead to a further increase in virus
infectivity. By PCR with HIV-2 IN-specific primers, we con-
firmed that the culture-adapted virus retained the HIV-2 IN
coding region (data not shown).

Increased DNA synthesis of culture-adapted SG virus.
Since the original SG3"™? and the culture-adapted CF-65 and
CF-131 viruses express a chimeric Gag-Pol polyprotein that
might fold differently and cause late-stage defects, virus col-
lected from culture supernatants was analyzed by Western blot
analysis. With a monoclonal antibody reactive with the HIV-1
capsid protein, only minimal differences in proteolytic protein
processing were detected between the SG3'™?, CF-65, CF-131,
and wild-type viruses. Relative to wild-type SG3, the SG3™?
and CF-131 viruses appeared to contain a greater amount of
incompletely processed p41 protein (Fig. 2A). By using serum
from an individual infected with HIV-2 as a probe, similar
amounts of the IN proteins were detected. A protein with a
mass of approximately 27 kDa was also detected for the
SG3™2 virus and to a lesser extent for the CF-65 and CF-131
viruses.

To examine whether the SG3™? virus was impaired in DNA
synthesis and if adaptation of the CF-65 and CF-131 viruses
compensated for this defect, JC53 cells were infected with 500
ng (p24 antigen equivalents) of SG3™2, CF-65, CF-131, SG3,
or SG35 T virus. Total cellular and viral DNA was extracted
18 h after infection and analyzed by PCR with the R-U5 primer
pair to detect the minus-strand strong-stop DNA. The SG3™?
virus produced approximately sixfold less strong-stop DNA
compared to wild-type virus. Compared with SG3™?2 the
CF-65 and CF-131 viruses produced 2.5- and 4.7-fold more
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FIG. 2. Analysis of culture-adapted virus. (A) Immunoblot analysis
of SG3™2 and culture-adapted viruses. Supernatants from SupT1 cell
cultures infected with the CF-65, CF-131, and SG3 viruses were col-
lected for analysis. Culture supernatants were also collected for anal-
ysis from 293T cells transfected with pSG35RT and pSG3™2. Virus was
concentrated by ultracentrifugation (125,000 X g, 2 h) through cush-
ions of 20% sucrose. Viral pellets were lysed, and immunoblots were
prepared and probed with anti-CA monoclonal antibody or serum
from an HIV-2-infected individual. (B) Analysis of viral cDNA syn-
thesis in infected cells; 500 ng (p24 antigen equivalents) of CF-65,
CF-131, SG3, SG35RT and SG3™2 was used to infect 5 X 10° JC53
cells for 4 h at 37°C. The SG35RT and SG3™? viruses were obtained by
transfection of 293T cells. Eighteen hours after infection, total DNA
extracts were prepared, and 20 ng of each was analyzed by PCR for the
R-U5 DNA product of reverse transcription. A standard curve was
created with standards ranging from 5 to 5,000 DNA copies of pSG3.
PCR-amplified DNA was resolved on a 1.5% agarose gel and stained
with ethidium bromide, and the R-U5 product was quantified as de-
scribed in Materials and Methods.

strong-stop DNA (Fig. 2B). Viral DNA was not detected in
cells infected with the RT- and IN-deficient SG35R™ virus that
was included as a negative control. The same relative differ-
ences in viral DNA synthesis were found with PCR primers
that detected intermediate and late products of reverse tran-
scription (data not shown). These results indicated that the
CF-65 and CF-131 viruses were able to produce more viral
DNA than the SG3™2 virus and that this relative increase was
similar in magnitude to the improvement in virus infectivity.
Analysis of subgenomic DNA fragments. To identify genetic
changes that were selected in the CF-65 and CF-131 viruses, a
gag-pol-containing DNA fragment was PCR amplified from
DNA extracts of infected SupT1 cells and cloned into the
naturally existing BssHII and Sa/l sites of the pNL4-3 proviral
clone. Multiple clones were picked and screened by transfec-
tion into 293T cells, followed by p24 antigen and infectivity
analyses of the progeny virus. Thirteen of 24 clones generated
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FIG. 3. Analysis of a 5" subgenomic DNA fragment derived from
culture-adapted virus. SupT1 cells were infected with the CF-65 or
CF-131 virus, and 2 days later high-molecular-weight DNA extracts
were prepared. A 5.3-kb DNA fragment was amplified from each DNA
extract by PCR and ligated into a pNL4-3 proviral backbone, from
which multiple clones were derived. Then 6 pg of DNA of each clone
was transfected into 293T cells by calcium phosphate DNA precipita-
tion. The pNL4-3™2, pSG3™2, and pNL4-3 clones were included as
controls. The culture supernatants were collected 48 h later and ana-
lyzed for HIV-1 p24 antigen concentration by ELISA and for infec-
tivity with TZM-bl reporter cells. Infectivity is expressed by standard-
ization to 1 ng of p24 antigen. The four most infectious clones derived
from CF-65 (2B7, 2F1, 2F2, and 2F12) and the nine most infectious
clones derived from CF-131 (3A17, 3B25, 3C27, 3C31, 3C32, 3C34,
3C36, 3C37, and 3C82) were analyzed in three separate experiments,
and standard deviations were calculated.

from the CF-65 virus were p24 antigen positive, eight of which
exhibited greater infectivity than the NL4-3™2 control (Fig. 3).
The NL4-3"™2 clone was substituted for SG3'™? solely to facil-
itate cloning of the BssHII-Sall DNA fragment. The infectivity
of NL4-3™2 was similar to that of the original SG3'™2. Clone
2B7 was the most infectious and produced on average 495
IU/ng of p24, a sixfold increase over that of NL4-3™2 and 15%
of that of NL4-3.

In the case of clones derived from the CF-131 virus culture,
16 of 21 were p24 antigen positive, and 11 were more infectious
than NL4-3™2 (Fig. 3). Clones 3A17 and 3B25 had the greatest
infectivity, producing on average 1,598 IU/ng of p24 (a 28-fold
increase, or 51% of that of NL4-3) and 1,333 IU/ng of p24 (a
23-fold increase or 42% of that of NL4-3). As expected, the
transfection-derived viruses were overall less infectious calcu-
lated per nanogram of p24 compared with the viruses derived
from chronically infected cells. However, relative to the wild-
type virus (transfection-derived NL4-3), the 2B7 and 3A17
viruses exhibited a level of infectivity similar to that of the
CF-65 and CF-131 viruses, respectively, from which they were
derived. Western blot analysis indicated that there was no
difference between the 2B7 and 3A17 viruses and that from
which they were derived (data not shown). This suggested that
the BssHII/Sall DNA fragment cloned into pNL4-3 was prin-
cipally responsible for the improvement in virus infectivity and
DNA synthesis.

Sequence analysis of CF-65 and CF-131 clones. The BssHII/
Sall DNA fragments of multiple infectious proviral clones de-
rived from the CF-65 and CF-131 virus cultures were se-
quenced. Sequence analysis of four clones derived from the
CF-65 virus (2B7, 2F1, 2F2, and 2F12) indicated that each one
represented a distinct genotype present in the virus culture at
the time (Table 1). Conserved among each clone was a valine-
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TABLE 1. Mutations present in the CF-65 and CF-131 clones
Mutation®
Clone
MA CA NC PR RT IN Vif Vpr

2B7 nf V2301 nf R87G  K102R, D237N V2041 nf nf
2F1 nf nf nf nf A62T, D320N V2041 nf nf
2F2 nf nf nf nf R83K V2041, 1200T nf nf
2F12  nf nf nf nf Y127C, V1791, Q373K V2041 nf nf
3A17 V351, E40K V271, v230I  R10G  nf V1791 Q96H, KI127E, V2041  R157G” V60R
3B25 V351, E40K V271, v230I R10G  nf V1791 QI96H, K127E, V2041  R157G V60R
3C27 V351, E40K V271, v230I  R10G  nf V1791 QI96H, K127E, V2041  H43Q, R157G ~ V60R
3C32 V351, E40K V271, v230I R10G  nf V1791, A360D QI96H, K127E, V2041  R157G V60R
3C34 V351, E40K V271, v230I  R10G  nf V1791, S519K QI96H, K127E, V2041  V141A V60R
3C36  V35IL E40K, Q55R V271, V2301  R10G  nf V1791 QI96H, K127E, V2041  R157G V60R
3C37 V351, E40K V271, V2301  nf nf V1791 QI96H, K127E, V2041  R157G V60R
3C82 V351, E40K V271, v230I R10G  nf D67N, V1791 QI96H, K127E, V2041  R157G V60R

“ nf, no mutation found in that region.

® R157G is the result of an alanine deletion at position 5059, resulting in a frameshift and an ocher stop codon in the reading frame at amino acid position 158.

to-isoleucine mutation in IN at amino acid 204 (V2041I). The
only other mutation conferring an amino acid change in IN
resulted in an isoleucine-to-threonine substitution at position
200 (I200T) of the 2F2 clone. Greater polymorphism among
the CF-65 clones was found in the RT coding region, and none
of these mutations appeared to be predominant among the
virus population. Sequence analysis of regions outside of RT
and IN revealed two addition mutations present only in the
2B7 clone. These included a valine-to-isoleucine mutation at
amino acid 230 (V230I) of the capsid (CA) and an arginine-
to-glycine mutation at amino acid 87 of the protease (R87G).

Eight clones derived from the CF-131 virus were sequenced.
Three common mutations were found in IN: glutamine to
histidine at amino acid residue 96 (Q96H), lysine to glutamic
acid at residue 127 (K127E), and valine to isoleucine at residue
204 (V204I) (Table 1). No other amino acid mutation were
found in IN. In RT, all eight clones contained a valine-to-
isoleucine mutation at position 179 (V179I). This V1791 mu-
tation was present in the 2F12 clone, indicating that it was a
polymorphism present in the CF-65 virus culture that appeared
to become fixed in the CF-131 population. Other sporadic
mutations in RT included aspartic acid to asparagine at residue
67 (clone 3C82), alanine to aspartic acid at residue 360 (clone
3C32), and a serine to lysine at residue 519 (clone 3C34).

Sequence analysis of the regions outside of RT and IN
identified additional mutations among the clones derived from
the CF131 virus. All of the clones contained the V35I and
E40K MA mutations and the V27I and V230I CA mutations.
The 3C36 clone had an additional glutamine to arginine at
position 55 (Q55R) in MA. Seven of eight clones contained an
arginine to glycine mutation at position 10 (R10G) in the
nucleocapsid. The absence of this mutation in 3C37 appeared
to reduce virus infectivity. In Vif, seven of eight clones con-
tained an arginine to glycine mutation at position 157 (R157G)
that was the result of a frameshift caused by the deletion of
adenine at position 5059. This frameshift produced a TAA stop
codon at position 158. All eight clones contained a valine to
arginine mutation at position 60 (V60R) in Vpr.

Analysis of the RT and IN coding regions. Earlier reports
indicated that the retroviral IN protein augments the initiation
of viral DNA synthesis (16, 22, 32, 33, 37). Consistent with this
effect, the IN and RT proteins of HIV-1 (13, 37) and MLV (12)

have been shown to interact physically. To determine the ex-
tent to which the RT and IN mutations were responsible for
the increased infectivity of the CF-65 and CF131 viruses, we
inserted the RT and/or IN coding region from the most infec-
tious CF-65 (2B7) and CF-131 (3A17) clones into pNL4-3™
as described in Materials and Methods. Transfection-derived
virions were normalized for p24 antigen concentration and
used to infect TZM-bl reporter cells.

In the case of the 2B7 clone, RT and IN increased infectivity
to 340 and 276 1U/ng of p24, respectively (Fig. 4). Together,
the 2B7 RT and IN coding regions (RT-IN) increased infec-
tivity to 548 IU/ng of p24, or 101% of that of the 2B7 virus. In
contrast to 2B7, virus containing the 3A17 IN exhibited a
marked increase in infectivity compared with virus containing
the 3A17 RT. By itself, the 3A17 RT (containing V179I) had
little effect on infectivity. However, the 3A17 RT-IN appeared
to have a synergistic effect, increasing infectivity to 1,065 IU/ng
of p24, or 87% of that of the 3A17 clone. None of the RT, IN,
or RT-IN recombinant constructs had any apparent effect on
virion production (p24 antigen) or proteolytic processing of
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FIG. 4. Infectivity of virus containing the RT and/or IN region
derived from the 2B7 and 3A17 clones. DNA fragments containing
either RT, IN, or RT and IN derived from the 2B7 and 3A17 clones
were inserted into the genome of pNL4-3'™2 and sequences were
confirmed. Virus was derived from each recombinant plasmid by trans-
fection of 293T cells and analyzed for p24 antigen concentration and
infectivity with TZM-bl reporter cells. Infectivity is expressed by stan-
dardization to 1 ng of p24 antigen. This experiment was repeated twice,
and data representative of both experiments are depicted.
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FIG. 5. Analysis of mutations selected in the IN? coding region by
trans-complementation; 4 pg of pSG35'™ proviral DNA was cotrans-
fected into 293T cells with 6 pg of pLR2P-vpr, pLR2P-vprIN', or
pLR2P-vprIN? (controls) or with 6 ug of the pLR2P-vprIN expression
plasmids containing mutations in the IN coding region, as depicted.
Forty-eight hours after transfection, the culture supernatants were
collected, clarified by low-speed centrifugation, filtered through
0.45-pm sterile filters, and analyzed for virus concentration by HIV-1
p24 antigen ELISA. (A) Analysis of virus infectivity. Fivefold serial
dilutions of each virus were prepared and analyzed for infectivity with
TZM-bl reporter cells. Infectivity was standardized to 1 ng of p24
antigen. (B) Analysis of viral DNA synthesis; 500 ng (p24 antigen
equivalents) of each virus was analyzed as described for Fig. 2B. A
standard curve was created with standards ranging from 10 to 10,000
copies of pSG3 DNA.

viral proteins (data not shown). These results suggested that
the selection of mutations in both RT and IN was important
for the early adaptation of the chimeric virus and the selection
of additional mutations in IN? led to a further improvement in
virus infectivity.

Analysis of the culture adapted IN by trans-complementa-
tion. To further analyze how changes specific to IN affected
virus infectivity, we exploited a Vpr-IN trans-complementation
approach. This and similar frans-complementation approaches
have been used to uncouple the pleiotropic effect of IN/
Pr16092&"°! mutations (16, 22, 37) and thus help specifically
analyze the effect of the mature IN protein on the initiation of
reverse transcription. To analyze the effects of the three IN
mutations on virus infectivity and DNA synthesis, each muta-
tion was engineered, individually and in different combina-
tions, into the pLR2P-vprIN expression plasmid as described
in Materials and Methods. These expression plasmids were
cotransfected into 293T cells with pSG35™ (SG3 IN-minus
proviral DNA), and progeny virions were analyzed for IN?
content, infectivity, and DNA synthesis. As controls, the
pLR2P-vprIN' and pLR2P-vprIN? expression plasmids were
transfected with pSG35™, and the progeny virus was analyzed.
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Consistent with earlier results (19), immunoblot analysis
confirmed efficient virion incorporation for each of the Vpr-
IN? mutants and liberation of the IN from Vpr (data not
shown). Individually, the K127E mutation conferred the great-
est increase in infectivity: Vpr-IN®'?"E.complemented virus
produced 755 IU/ng of p24, a fivefold increase over that of
Vpr-IN?-complemented virus (152 1U/ng of p24) (Fig. 5A).
Virus complemented with the trans-IN"?**" and trans-INQ*°H
mutants generated 314 and 54 IU/ng of p24, respectively, a
2.4-fold increase and 2.8-fold decrease in infectivity, respec-
tively. The combination of V2041 with either Q96H or K127E
increased infectivity to 332 and 742 IU/ng of p24, respectively.
The combination of all three mutations (V204, K127E, and
Q96H) increased infectivity to 971 IU/ng of p24, or 6.4-fold.
Interestingly, the Q96H/K127E combination, which did not
exist among the various clones that were sequenced, exhibited
the greatest level of infectivity, suggesting that these two mu-
tations may be largely responsible for the improved phenotype
detected in the 3A17 clone and CF-131 virus.

The effect of these mutations on viral DNA synthesis was
examined by infecting JC53 cells with each virus and 18 h later
extracting the total DNA for quantitative analysis. For the
single-amino-acid mutants, the relative changes (compared
with IN?) in minus-strand strong-stop DNA synthesized were
similar to the changes in infectivity. Compared with the IN?
control, less DNA was detected with the IN??°" mutant, ap-
proximately the same amount was produced by the INVZ04
mutant, and the IN¥'*”E mutant produced 2.8-fold more (Fig.
5B). In the case of the Q96H/V2041 mutant, DNA synthesis
decreased slightly, whereas that of the K127E/V2041 mutant
increased by 3.4-fold. Unlike our infectivity results, virus com-
plemented with the V204/K127E/Q96H IN mutant exhibited
the greatest increase in viral DNA synthesis (5.3-fold). This
may help explain why the V2041 mutation was maintained
following acquisition of the Q96H and K127E mutations.

To analyze the effect of the different IN mutations on inte-
gration, we exploited the catalytically defective NL4-3P!'164
mutant provirus. After virus entry into the TZM-bl reporter
cells, the noninfectious NL4-3P11%4 virus synthesizes wild-type
levels of DNA. Therefore, it is possible to assess the enzymatic
activity of IN mutations by Vpr-IN complementation analysis
with the NL4-3P*%4 virus. Similarly, by exploiting the NL4-
3F185A mutant virus, which encodes an IN protein defective in
DNA synthesis but competent for integration, we can analyze
the effect of IN mutations on DNA synthesis independently of
their effect on integration.

NL4-3PH64 (black bars) expressed with Vpr-IN' produced
2,129 TU/ng of p24 (Fig. 6), confirming efficient complemen-
tation of the NL4-3P''%4 virus. Complementation with Vpr-
IN? produced 1,256 1U/ng of p24 (59% of that of trans-IN").
This result was consistent with data reported earlier (19) and
suggested that the IN? protein supports HIV-1 DNA integra-
tion reasonably well. The mutant #rans-IN proteins did not
increase infectivity markedly beyond that attained with Vpr-
IN? (Fig. 6), suggesting that these mutations do not affect the
enzymatic activity of the IN**7 protein. A notable exception
was Q96H, which reduced infectivity compared with IN?. In
the case of NLA4-3F'%4 virus (open bars), complementation
with the mutant trans-IN proteins (except for Q96H) increased
infectivity. Similar to our results with minus-strand strong-stop
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FIG. 6. Analysis of integration activity by Vpr-IN trans-comple-
mentation; 4 g of pNL4-3P'14 (black bars) or pNL4-3F%4 (open
bars) proviral DNA was cotransfected into 293T cells with 6 pg of
pLR2P-vpr, pLR2P-vprIN', or pLR2P-vprIN? (controls) or with 6 g
of pLR2P-vprIN expression plasmids containing mutations in the IN®
coding region, as depicted. Infectivity was determined as described for
Fig. 5.

DNA synthesis (Fig. 5B), the K127E, Q96H/K127E, K127E/
V2041, and Q96H/K127E/V2041 mutants exhibited the great-
est complementation. NL4-3"'%4 complemented with IN?
containing all three mutations (Q96H/K127E/V204I) pro-
duced 1,581 IU/ng of p24, or 86% of the amount generated by
Vpr-IN'. This suggested that the nearly wild-type level of DNA
synthesis was restored by the selection of these three mutations
and that their affect was exerted by the mature IN* mutant
protein.

DISCUSSION

In this study, we use a chimeric virus that was severely
defective in DNA synthesis to select viruses with improved
replication fitness. Analysis of the most replication-fit virus
demonstrated that improved fitness was largely due to com-
pensatory amino acid changes selected in IN?. These mutations
were shown to increase virus fitness largely by augmenting the
initiation of reverse transcription. Importantly, our frans-
complementation analysis indicate that the IN mutations en-
hanced DNA synthesis by an effect on the mature IN? protein
itself on an early step in the virus life cycle. Considering the
high degree of structural homology between the HIV-1 and
HIV-2 IN proteins, the mutations selected in IN* may impli-
cate regions on the HIV-1 IN protein that are important for
the initiation of DNA synthesis.

Our analysis was focused on viruses that were derived after
65 and 131 days of cell-free passage. The CF-131 virus was
studied because it was the most infectious, while the CF-65
virus was significantly less infectious and represented a biolog-
ical and temporal intermediate form of chimeric virus. To
facilitate molecular genetic analysis of these viruses, a 5.3-kb
DNA fragment comprising most of the 5’ end of the viral
genome was cloned into the naturally existing BssHII and Sa/l
restriction sites of the pNL4-3 clone. The most infectious
clones derived at each time point exhibited a level of infectivity

J. VIROL.

similar to that of the respective parental virus. This result
indicated that the 5" DNA segment of the chimeric virus was
largely responsible for the improved viral fitness.

Sequence analysis of four clones derived from the CF-65
virus identified amino acid mutations that were mostly re-
stricted to RT and IN?. Mutations in RT were heterogeneous,
while each clone contained the V2041 IN mutation, suggesting
that it had become fixed in the cell-free chimeric virus popu-
lation. These results may suggest that the selection of muta-
tions in RT and/or IN enabled cell-free transmission and pro-
ductive infection of the CF-65 chimeric virus. This idea was in
part validated when these two regions were analyzed in cis and
found to improve infectivity (Fig. 4). In the evolution of the
CF-131 virus, the Q96H, K127E, and V2041 IN mutations were
selected and appeared to be principally responsible for the
increased level of infectivity and DNA synthesis. Interestingly,
with the exception of V1791, most of the other CF-65 RT
mutations were lost during the evolution of the CF-131 virus.
Analysis of the CF-131 RT in cis indicated that the V1791
mutation had little or no effect on virus infectivity by itself but
together with the three IN mutations (Q96H, K127E, and
V204I) augmented infectivity to a level close to that of the
3A17 clone (Fig. 4). While the RT and IN mutations appear to
account for most of the improvement in virus infectivity, mu-
tations detected in other regions of the virus genome do war-
rant further study.

By expressing and packaging IN in trans, it is possible to
discriminate between the effect of IN mutations on early versus
late events of the virus life cycle (38). Therefore, several stud-
ies of IN function have exploited trans-expression approaches
to help elucidate its role in augmenting viral DNA synthesis
(22, 30, 33, 37, 40). In this study, the 3A17 virus contained
multiple mutations that could possibly affect different viral
proteins and different steps of the virus life cycle. By expressing
the IN mutations found in CF-65 and CF-131 viruses in trans,
we were able to analyze how changes specific to the IN protein
affected virus infectivity and DNA synthesis without introduc-
ing these mutations into the Gag-Pol (IN domain) precursor
protein.

Consistent with our analysis in cis, the frans-INQ?°T: K127E, V2041
mutant rescued virus infectivity by approximately 58% compared
with the homologous frans-IN* (Fig. 5A) and complemented
strong-stop DNA synthesis at least as efficiently as the homolo-
gous trans-IN' (Fig. 5B). Analysis of the different IN mutations
revealed a strong correlation between their effects on infectivity
and on DNA synthesis. One exception was observed when com-
paring INKQ96H, KI127E Wlth INQQﬁH, KI27E, V204I. Whl]e trans-
IN@96H. KI27E, V2041 repraducibly rescued DNA synthesis better
than INKQH: KI27E " the gpposite was true for virus infectivity
(compare Fig. 5A and 5B). The V2041 mutation was selected
early and remained fixed during the evolution of the chimeric
virus. Since the presence of this mutation in cis appeared to
increase relative infectivity greater than when provided in trans,
this mutation may correct a late-stage event. The IN®*°H muta-
tion reduced DNA synthesis and integration, but in combination
with IN®'27E_ both were increased. This could suggest that the
Q96H and KI127E mutations are synergistic and that the IN?
surface region containing these two residues may be important for
augmenting DNA synthesis.

To further understand the effect of mutations on IN?, we
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FIG. 7. Modeled structure of both mutated and unmutated IN? and RT. (A) Stereo view of the IN? and INQ?6H: K127E. V2041 1ihhon structure.
The ribbon structure was derived from the SIV crystal structure (PDB/1C6V) with Swiss-Model. Residues 96, 127, and 204 are represented by the
ball-and-stick illustration, where the green, blue, and red spheres represent carbon, nitrogen, and oxygen atoms, respectively. All bonds of the
unmutated IN? are colored gray, while the overlapping yellow bonds are those of the Q96H, K127E, and V2041 mutations. The catalytic triad
position on the ribbon structure is shown in red. All diagrams were generated with the program Ribbons (6). (B) Stereo view of the NNRTI binding
pocket of RT (PDB1/DLO). The residues of the NNRTI binding pocket are shaded gray, and the atoms are colored as explained above. The thicker
bonds shaded in yellow represent the mutated residues R102, 1179, N237, and N320, whereas the grayish overlapping bonds represent the original
K102, V179, D237, and D320 residues. Residues known to contribute to the NNRTI pocket are depicted in gray, and their atoms and bonds are

also displayed in a reduced size.

modeled its secondary structure. The catalytic domain of HIV-
25T IN (residues 55 to 208) shows 90% sequence identity (98%
homology) with IN from simian immunodeficiency virus
(INS™Y). We used the crystal structure of the catalytic domain
of IN from SIV (PDB/1C6V) as the starting model in the
program Swiss-Model, and the resultant coordinates were sub-
jected to Procheck analysis (17) to assess the final quality of the
model. All three mutations in IN? were present on a surface
that is opposite that of the catalytic triad (shaded red on the
ribbon diagram in Fig. 7A). Two mutations, Q96H and K127E,
were present on adjacent helices and separated by a distance of
12.56 A (between Ca’s). Furthermore, residue K127E brings

about a contrast in the net local charge, from positive to neg-
ative, while the Q96H mutation marginally changes the net
potential. Interestingly, the V2041 mutation converts this res-
idue back to the HIV-1 and HIV-2 consensus, and the surface
in this region closely resembles that of HIV-1 IN.

Our analysis of the CF-65 virus indicated that changes in RT
augmented viral DNA synthesis (Fig. 5). Sequence analysis of
the CF-65 virus revealed that three of the four clones had
mutations (K102R, V1791, D237N, and D320N) that clustered
around the nonnucleoside RT inhibitor (NNRTI) binding
pocket on RT (Fig. 7B). Except for V1791, a conserved hydro-
phobic mutation which is a part of the NNRTI binding pocket,
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the K102R, D237N, and D320N mutations are present on the
outer surface of this pocket in very close proximity and invoke
a net change in the potential on the surface. Our data indicate
that these represent compensatory mutations that improve the
infectivity of the CF-65 virus (Fig. 4). Their presence on the
outer surface of the NNRTI binding site could imply a role for
this region in triggering DNA synthesis. However, there is no
clear evidence at the moment to corroborate this argument,
and it certainly warrants further study.

Our data clearly show that changes in IN and RT affect
DNA synthesis. In other studies with recombinant proteins in
pulldown assays, IN and RT as well as MLV RT and IN have
been shown to interact physically in vitro (12, 13, 32, 37). A
recent study demonstrated that monoclonal antibodies gener-
ated against the minimal DNA binding domain in the C ter-
minus of IN block the interaction of recombinant IN and RT
(13). Biochemical analysis demonstrating that HIV-1 RT and
IN inhibit each other’s function (24, 32) perhaps suggests in-
teraction between these proteins during early stages of the
virus life cycle. In our study, it was notable that many of the
CF-65 clones contained RT mutations proximal to the hydro-
phobic pocket, conferring a slight change in charge. Except for
V1791, these mutations were lost while additional mutations
were selected in IN?, ultimately leading to a fitter virus. These
results give a snapshot of how the RT and IN? genes appeared
to coevolve to ultimately generate a virus with a greater ca-
pacity to synthesize viral DNA in infected cells.

Taken together, our findings indicate an important biologi-
cal role for IN in the initiation of reverse transcription. It is
consistent with our model that specific interactions between IN
and other components that comprise the initiation complex are
required to prevent premature initiation, thus ensuring asso-
ciation of IN with the nuclear preintegration complex and
integration of the provirus upon the completion of reverse
transcription.
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