JVI

Journals.ASM.org

Enhanced Autointegration in Hyperstable Simian Immunodeficiency
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After entering a host cell, retroviruses such as simian immunodeficiency virus (SIV) uncoat, disassembling the viral capsid. Rates
of uncoating that are too high and too low can be detrimental to the efficiency of infection. Rapid uncoating typically leads to
blocks in reverse transcription, but the basis for replication defects associated with slow uncoating is less clear. Here we charac-
terize the phenotypes of two SIVmac239 mutants with changes, A87E and A87D, in the helix 4/5 loop of the capsid protein. These
mutant viruses exhibited normal capsid morphology but were significantly attenuated for infectivity. The infectivity of wild-type
and mutant SIVmac239 was not decreased by aphidicolin-induced growth arrest of the target cells. In the cytosol of infected
cells, the A87E and A87D capsids remained in particulate form longer than the wild-type SIVmac239 capsid, suggesting that the
mutants uncoat more slowly than the wild-type capsid. Both mutants exhibited much higher levels of autointegrated DNA forms
than wild-type SIVmac239. Thus, some changes in the helix 4/5 loop of the STVmac239 capsid protein result in capsid hypersta-

bility and an increase in autointegration.

entiviruses differ from most other retroviruses in that they

have evolved to infect mature individuals with competent im-
mune systems (1). Indeed, lentiviruses rely upon the cells of the
host immune system to provide functions necessary for their rep-
lication and dissemination. In so doing, they have evolved the
ability to integrate their genome into cells that are terminally dif-
ferentiated, accessing the nucleus through the nuclear pore (2).
Only a fraction of viruses that gain entry to a cell are successful in
navigating to the nuclear compartment and creating a provirus
capable of supporting the late phase of retrovirus replication. This
excess of defective events has complicated the characterization of
early-stage infection.

Following entry into the host cell, lentiviruses must proceed
through several steps on the way to generating a provirus. These
early-phase processes include uncoating of the core, reverse tran-
scription of the RNA genome, nuclear entry of the preintegration
complex (PIC), and integration. Changes in lentivirus capsid pro-
teins have been shown to accelerate or slow the uncoating process
(3-7). Less expectedly, alterations in the capsid protein can affect
subsequent steps in the early phase of lentivirus infection. An ap-
preciation of the contribution of the capsid to multiple steps in the
lentiviral life cycle has made capsid an attractive target of thera-
peutic intervention (6, 8—18).

Two host proteins that bind the human immunodeficiency
virus type 1 (HIV-1) capsid and influence the uncoating process
have been identified. TRIM 5« is a protein that mediates the pre-
mature, deleterious disassembly of the capsid and therefore acts as
arestriction factor (19). The prolyl cis-trans isomerase cyclophilin
A (CypA) binds the HIV-1 capsid and modulates capsid stability
in either a positive or negative manner, depending on the type of
infected cell and the sequence of the helix 4/5 loop (CypA-binding
loop) of the capsid protein (CA) (5, 16,20-24). In T lymphocytes,
CypA stabilizes the HIV-1 capsid and promotes infection (5). The
CypA domain of the nuclear pore protein Nup358 has been re-
ported to be important for proper nuclear targeting of HIV-1
preintegration complexes (5, 16, 20-24).
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Simian immunodeficiency viruses (SIVs) infect feral African
monkeys and apes and are the lentivirus ancestors of human im-
munodeficiency viruses (25-28). The capsids of monkey SIVs do
not interact with CypA (29, 30). In permissive cells without a
restricting TRIM5a protein, SIV infection can be studied in the
absence of either of these host capsid-binding proteins. We took
advantage of this characteristic to assess the function of the flexible
helix 4/5 loop that extends above the capsid surface. In HIV-1, this
loop is the site of CypA binding, near CA residues Gly89 and
Pro90 (31). In contrast, the helix 4/5 loop of SIVmac239 does not
contain a Gly-Pro motif and does not bind CypA. However, a
structurally similar Ala-Pro motif occurs at capsid residues Ala87
and Pro88 in the STVmac239 helix 4/5 loop. Interestingly, the helix
4/5loop of the HIV-1 CA has an Ala-Pro pair (Ala92 and Pro93) C
terminal to the Gly-Pro motif. Alteration of alanine 92 to glutamic
acid, or the nearby glycine at position 94 to aspartic acid, renders
HIV-1 CypA independent in certain cell types (24, 32). In other
cell types, the infectivity of the A92E and G94D capsid mutants is
inhibited by CypA binding. The replication phenotype of the
A92E and G94D capsid mutants is predicted by the level of CypA
in the target cell (5, 22, 24).

Because changes in the helix 4/5 loop of the HIV-1 CA can
affect sensitivity to CypA and TRIM5a (15), the interpretation of
the mechanisms that underlie the phenotypes of HIV-1 CA helix
4/5 mutants is complicated. Here we study the effects of acidic
substitutions in the Ala-Pro motif in the helix 4/5 loop of the
SIVmac239 CA. We characterize the phenotypes of the SIV-
mac239 A87E and A87D mutants, observing decreases in the early
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phase of infection and slower capsid uncoating. Although reverse
transcription of these mutants was efficient, striking increases in the
amounts of autointegrated viral DNA were seen for both mutants.
Models that fit this heretofore unknown capsid function into current
knowledge of early events in lentiviral infection are discussed.

MATERIALS AND METHODS

Celllines and culture. Adherent cell lines used in this study were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (high glucose) (catalog
number 11965; Invitrogen) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin. HEK293T/17 (ATCC CRL-11268)
and HeLa (ATCC CCL-2) cells are of human origin. Cf2Th cells (ATCC
CRL-1430) are of canine origin.

Site-directed mutagenesis. All mutants were created by site-directed
mutagenesis of either the full-length pSTVmac239AnefAenvEGFP plas-
mid (see below) or the shuttle vector SGag3 (33), utilizing Pfu Ultra Hot-
start 2X Master Mix (catalog number 600630-51; Stratagene), 125 ng of
each mutagenic primer, and the following cycling protocol: 95°C for 1
min and 18 cycles of 95°C for 30 s, 55°C for 1 min, and 72°C for 12 min
(full-length) or 5.5 min (SGag3), with a final 1-min extension step at 72°C.
SGag3 sequences were then inserted into the full-length vector by DralIIl/Sbfl
digestion and T4 ligation. All mutations were verified by sequencing. Muta-
genic primers (Integrated DNA Technologies) were based on the forward
wild-type (WT) sequence GCAGCACCCACAACCAGCTCCACAACAAG
GACAACTTAGG.

Production of recombinant SIV variants expressing GFP. The
SIV-based pSIVmac239AnefAenvEGFP plasmid was derived from
pSIVAnefEGFP (34) (a kind gift from Ronald Desrosiers, Harvard Med-
ical School). Env sequences were deleted by first changing the ATG start
codon to TCC to create a BspEI site. The 1.1-kb fragment between this and
the native BspEI site at position 8013 (GenBank accession number
M33262.1) was excised, leaving the tat and rev genes and the Rev-respon-
sive element intact. This construct and derivative mutants were cotrans-
fected into the desired cell type with a Rev-expressing construct and the
vesicular stomatitis virus G glycoprotein (VSV-G)-expressing construct
pHCMV-G, as described previously (15). HEK293T/17 cells were trans-
fected by using Lipofectamine Plus or Lipofectamine 2000 according to
the manufacturer’s protocol. Recombinant viruses in the transfected-cell
supernatants were filtered (0.45-pm filter), and titers were determined by
a reverse transcriptase (RT) assay, as previously described (35). If neces-
sary, viruses were concentrated by polyethylene glycol (PEG) precipita-
tion using PEG-it (catalog number LV810A; SBI) and resuspended in an
appropriate volume of 1X phosphate-buffered saline (PBS).

Infection assays. One day before infection, HeLa and Cf2Th cells at a
density of 1 X 10° to 3 X 10° cells/well were seeded into 24-well plates. On
the day of infection, virus was added at the desired titer, as determined by
RT activity, expressed in counts per minute (cpm). The medium was
changed 2 to 4 h afterwards, and 48 h following infection, the percentage
of green fluorescent protein (GFP)-positive cells and median fluorescence
were determined by fluorescence-activated cell sorter (FACS) analysis.

Gag processing assay. HEK293T/17 cells in 24-well plates were trans-
fected with a Rev-expressing plasmid and the pSIVmac239AnefAenvEGFP
plasmids expressing the wild-type and mutant Gag proteins. At 16 h post-
transfection, the medium was replaced by DMEM plus 10% dialyzed FBS,
1% penicillin-streptomycin, 1X r-glutamine, 1X nonessential amino
acids, and 100-fold-diluted Express35S [*>S]Met-Cys labeling mix
(NEGO072; PerkinElmer). At 48 h posttransfection, viruses were purified
by filtering (0.45-m filter) followed by pelleting through 20% sucrose for
1 h at 100,000 X g. Viral pellets were resuspended directly into loading
buffer. Approximately 25,000 cpm was loaded into each well of a 12%
Bis-Tris gel, which was run and exposed to film.

Electron microscopy and core morphology quantitation. Envelope-
free viruses were produced and purified by anion-exchange chromatog-
raphy, as described previously (36). Purified virions were prepared for
thin-section microscopy by the Harvard Medical School EM Facility.
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Fields containing multiple identifiable virions were selected for analysis.
Virions were binned into one of three categories based upon the shape of
their electron-dense core in the sectioning plane: conical cores, well-de-
fined circular cores, and unidentifiable “other.”

Fate-of-capsid assays. Cf2Th cells were seeded into 75-cm? flasks to
achieve 80 to 90% confluence at the time of infection. Flasks were
prechilled on ice 10 min prior to the addition of 5 X 10° cpm of virus in a
4-ml volume. Flasks and virus were kept at 4°C for a half hour, and time
zero was then marked by shifting them to a 37°C incubator. Virus was
washed off the cells, and fresh medium was added at 4 h postinfection. At
the appropriate time, flasks were chilled on ice and washed three times
with ice-cold 1 X PBS. Cells were released from the flask by pronase diges-
tion (1 ml of 7 pg/ml pronase in 1 X PBS for 5 min), transferred into 15-ml
conical tubes, and washed three times with 10 ml cold PBS. The pellet was
resuspended in 250 pl cold hypolysis solution (10 mM Tris [pH 8], 10 mM
KCl, 1 mM EDTA), transferred into Eppendorf tubes, and kept on ice for
15 min. Cells were then mechanically disrupted for 1 min by using a
pellet pestle (catalog number K49540; Kontes), and noncytosolic ma-
terial was removed by centrifugation at 1,500 X g for 3 min. The
supernatant was mixed with 250 pl fresh hypolysis buffer, and 400 .l
of this mixture was layered on top of a 7-ml column of 50% su-
crose—1X PBS in an Ultraclear SW41 tube (catalog number 344059;
Beckman Coulter); the remaining lysate was preserved in 1 X Laemmli
buffer. The column was centrifuged for 2 h at 125,000 X g. The top 100 pl
was collected, and the pellet was resuspended in 100 .l 1X PBS; concen-
trated Laemmli buffer was added to bring both samples to a 1X final
concentration. Samples were run on 4 to 12% Bis-Tris gels and transferred
onto nitrocellulose filters. The filters were probed with a 1:1,000 dilution of
anti-SIVmac251 polyclonal serum (AIDS Reagent Program number 2773)
and a 1:40,000 dilution of horseradish peroxidase (HRP)-conjugated goat
anti-human IgG (catalog number A0293; Sigma) and developed with the
SuperSignal West Femto chemiluminescence reagent (catalog number
34095; Thermo). Densitometry was performed by using ImageQuantTL, us-
ing a consistent 50-pixel rolling-ball background reduction.

Quantitative real-time PCR. HeLa cells were seeded into 6-well plates
to achieve 80% confluence at the time of infection. Viral suspensions were
treated with DNase Turbo (catalog number AM2238; Ambion), accord-
ing to the manufacturer’s protocol, for 1 h at 37°C, and the titer was then
determined by an RT assay. Approximately 100,000 cpm of virus, ex-
pected to result in a multiplicity of infection of ~0.5, was added to each
well at time zero. For negative controls, viruses were heat inactivated at
56°C for 1 h, and the infected cells were maintained in 100 wM zidovudine
(AZT) prior to incubation with the virus and for the duration of the
experiment. In some experiments, raltegravir was added to cells at a con-
centration of 1 WM for 1 h prior to addition of the virus and maintained at
that concentration throughout the experiment (unless otherwise noted).
Unbound virus was washed off the cells 2 h after virus-cell incubation was
initiated. Cells were collected by trypsin digestion at 2, 6, 12, 24, and 48 h
after virus-cell incubation. Total DNA was extracted by using the Wizard
SV 96 Genomic system (catalog number A2371; Promega) and quanti-
tated with a Nanodrop spectrophotometer. DNA was diluted to a final
concentration of 10 ng/pl using double-distilled autoclaved water. Each
quantitative real-time PCR (qPCR) mixture contained 100 ng of total
DNA in a 50-pl reaction volume. The accumulation of product was as-
sayed by a TagMan probe on an Applied Biosystems 7300 instrument. The
primers and probe for the analysis of the early stage of reverse transcrip-
tion were early forward primer GTC AAC TCG GTA CTC AAT AAT
AAG, early reverse primer GCG CCA ATC TGC TAG GGA T, and early
probe 6-carboxyfluorescein (FAM)-CTG TTA GGA CCCTTT CTG CTT
TGG GAA ACC GAA G-6-carboxytetramethylrhodamine (TAMRA).
The primers and probe for the analysis of the late stage of reverse tran-
scription were late forward primer TTG GGA AAC CGA AGC AGG, late
reverse primer TCT CTC ACT CTC CTT CAA GTC CCT, and late probe
FAM-AAA TCC CTA GAC GAT TGG CGC CTG AA-TAMRA. The prim-
ers and probes for the analysis of two-long terminal repeat (2-LTR) circles
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FIG 1 Gag precursor processing and core morphology of SIVmac239 capsid variants. (A) The central portion of the STVmac239 helix 4/5 loop is shown,
comparing the sequences of HIV-1 and wild-type (WT) SIVmac239 and the A87E, A87D, and A87K mutants. (B) The processing of the Gag precursor
polyprotein was examined by metabolically labeling transfected HEK293T cells producing WT and mutant SIVmac239 virions. Secreted viruses were collected,
purified over a 20% sucrose column, and run on a 12% Bis-Tris gel. Loading was normalized by the amount of **S label. The domain organization of the
SIVmac239 p55 Gag precursor polyprotein is illustrated beneath the gel. (C) To examine virion morphology, purified virions were pelleted, stained, and

examined by electron microscopy. (D) Virion particles for each variant were ident
“other.” Examples of each are displayed above the category axis (wild type, n =1

were 2-LTR forward primer GGA AAC CGA AGC AGG AAA AT, 2-LTR
reverse primer CTG TGC CTC ATC TGA TAC, 2-LTR standard probe
FAM-ATT GGC AGG ATT ACA CCT CAG GAC CAG-TAMRA, and
2-LTR junction probe FAM-ATT CCC TAG CAG ATA CTG GAA GGG
AT-TAMRA. The primers and probe for the analysis of integrated viral
DNA were primary (1°) Alu PCR forward primer ATG CCA CGT AAG
CGA AAC TCT GTT CCC ATC TCT CCT AGC C, 1° Alu PCR reverse
primer TCC CAG CTA CTC GGG AGG CTG AGG, secondary (2°) Alu
PCR forward primer ATG CCA CGT AAG CGA AAC TG, 2° Alu PCR
reverse primer ATT TTC CTG CTT CGG TTT CC, and Alu PCR probe
FAM-CGC CTG GTC AAC TCG GTA CTC AAT AA-TAMRA.

Alu qPCR. Using the samples collected for single-round qPCR, we
optimized protocols for assaying integrated SIVmac239 proviruses (by
Alu PCR) and autointegrated SIVmac239 genomes. For Alu PCR, we per-
formed a primary amplification using 100 ng total DNA, 0.2 uM each
primer, and Pfu Ultrall Hotstart 2 X Master Mix (catalog number 6008505
Agilent) in a final volume of 20 pl. Cycling parameters for touchdown
PCR (TD-PCR) were as follows: 95°C for 2 min; 15 cycles of 95°C for 30s,
70°C to 55°C for 30 s, and 72°C for 1 min; and 11 cycles of 95°C for 30 s,
55°C for 30 s, and 72°C for 1 min. Primary PCR samples were diluted 1:5
into 100 .l water, and 10 pl was used in a standard 50-pl QPCR mixture.
The number of integrants was determined by calibrating the signal versus
a standard curve of integrated viruses of known copy number. The mate-
rial for this standard curve was created by using HeLa cells transduced with
recombinant SIV expressing GFP. The transduced cells were passaged for 4
weeks, the total DNA was collected as described above, and the proviral copy
number was determined by utilizing the late qPCR primer set.
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ified and then binned according to their core morphology: conical, circular, or
53; A87E, n = 166; A87D, n = 135; A87K, n = 213).

Characterization of PCR products amplified by the 2-LTR primer
set. Products from single-time-point qPCR amplifications with the 2-LTR
primers, representing three independent infections, were taken directly
from the postrun 96-well qPCR assay plate and pooled. Ten microliters of
each resulting 150-pl sample was run on a 2% agarose gel and stained with
ethidium bromide. Samples of interest were excised from the gel, ex-
tracted, and cloned directly into the TOPO-TA vector pCR4-TOPO (cat-
alog number K457501; Invitrogen). After transforming Escherichia coli
TOP10 cells, well-isolated ampicillin-resistant colonies were picked and
grown in 200 pl Luria-Bertani (LB) medium with ampicillin overnight at
room temperature in 96-well plates. These plates were then shipped to
Beckman Coulter Genomics for single-pass sequencing using flanking T7
primers. All sequences were aligned and collated, comprising almost 500
individual clones. No sequences were discarded.

RESULTS

Effects of capsid changes on SIV production and infectivity. The
primary structure of the helix 4/5 loop of the SIVmac239 CA dif-
fers from that of the HIV-1 CA but shares a proline-rich character
and a (G/A)P motif at a similar position (Fig. 1A). We altered the
alanine residue at position 87 in the SIVmac239 CA to an aspartic
acid, glutamic acid, or lysine residue to investigate the function of
the helix 4/5 loop in the SIV capsid. Recombinant enhanced GFP
(EGFP)-expressing viruses pseudotyped with the VSV-G envelope
protein were generated by transfection of HEK293T/17 cells. Vi-
ruses were collected, filtered, and concentrated (if necessary), and
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FIG 2 Infectivity of wild-type and mutant SIVmac239. (A and B) VSV-G-pseudotyped recombinant SIVmac239 viruses were produced in transfected HEK293T
cells, and reverse transcriptase activity was measured. Increasing amounts of the WT, A87E, A87D, and A87K viruses, which express GFP, were used to infect
Cf2Th (A) or HeLa (B) cells. The percentage of infected, GFP-positive cells was assayed at 48 h postinfection by FACS analysis. (B) Aphidicolin (2 pg/ml) was
added to one set of the HeLa target cells (+aphid). The results shown are typical of those obtained in 3 independent experiments. (C) HeLa cells were infected
with identical amounts (in RT units) of VSV-G-pseudotyped GFP-expressing recombinant WT and A87E SIV and, as a control, MLV. In some cases, 2 pg/ml
aphidicolin was added to the HeLa cells. GFP-positive cells were measured by FACS analysis 48 h after infection. The means and standard deviations of the results

obtained in 3 independent experiments are shown.

reverse transcriptase activity was measured. Equivalent amounts
of reverse transcriptase activity associated with the wild-type and
mutant viruses were detected in the medium of transfected cells
(data not shown), suggesting that the assembly and release of the
virus variants were comparable. SDS-PAGE analysis of metaboli-
cally labeled virion proteins revealed similar levels of processing of
the Gag polyprotein (Fig. 1B). A87E, A87D, and A87K virions
exhibited wild-type core morphology (Fig. 1C). The documented
frequency of virions with ideal core morphology and virion size
was only slightly reduced for the mutants compared with wild-
type SIVmac239 (Fig. 1D).

To examine the infectivity of the mutants, 2-fold dilutions of
viral preparations normalized for RT activity were used to infect
Cf2Th and HeLa cells. Although the human HeLa cells were in-
fected less efficiently than the canine Cf2Th cells, the relative in-
fectivities of the mutants, compared with that of wild-type SIV-
mac239, were similar in the two cell types. The A87E, A87D, and
A87K mutants were 10 to 15% as infectious as the wild-type virus
(Fig. 2A and B). The similarity of the results for human and canine
cells suggests that the deficient phenotype is not due to increased
susceptibility to species-specific restriction factors like TRIM5a.
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Multiple reports identified the capsid as a major determinant
in allowing lentiviral preintegration complexes to transit through
the nuclear pore (6, 8, 16, 24, 37). Some capsid alterations elimi-
nate the ability of the lentivirus to infect growth-arrested cells and
terminally differentiated macrophages. To assess whether the
AB87E or A87D CA mutant falls into this category, HelLa cells ar-
rested in the G,/S phase of the cell cycle by the addition of 2 wg/ml
aphidicolin were incubated with the wild-type and these mutant
SIVs. The A87K mutant was not included due to results that indi-
cated a block at or prior to initiation of reverse transcription (see
below). The infection efficiency of the WT, A87E, and A87D vi-
ruses was insensitive to cell cycle arrest (Fig. 2B). In fact, the effi-
ciency of infection increased slightly upon aphidicolin treatment,
a phenomenon which was reported previously (38). Aphidicolin
treatment reduced the infection of Moloney murine leukemia vi-
rus (MLV), a gammaretrovirus, by 95% (Fig. 2C).

Capsid stability in infected cells. To examine the stability of
the altered SIVmac239 capsids in infected cells, high-titer virus
was added to Cf2Th cells, and fate-of-capsid assays were per-
formed 16 h later, a time determined to be informative for this
assay. At 16 h postinfection, A87E and A87D mutant viruses ex-
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FIG 3 Fate of the wild-type and mutant SIVmac239 capsids in infected cells. Cf2Th cells were incubated at 37°C with equivalent concentrations of VSV-G-
pseudotyped viruses, based on RT units. At the indicated times, the infected cells were mechanically disrupted, and their cytosolic fractions were layered atop a
50% sucrose column, saving some to measure the “input.” After centrifugation, a “soluble” capsid sample was removed from near the top of the column, and the
pelletable capsid was collected at the bottom of the tube following column removal. Input, soluble, and pelletable fractions were loaded onto a 4 to 12% Bis-Tris
gel, Western blotted, and probed with anti-SIVmac251 polyclonal antibody. (A) The results of a single experiment are shown, with the fate of capsid measured
at 16 h postinfection (p.i.). (B) Three independent infections were assayed for pelletable capsid at 16 h postinfection. The amounts of pelletable capsid were
determined by densitometric analysis of Western blots, adjusted for input and normalized to the signal for WT SIVmac239, which was set at 100%. The A87E and
A87D mutants had significantly more pelletable capsid than wild-type SIVmac239 (*, P < 0.01). (C) Time course of the fate of the capsid in infected cells. After
the initiation of infection, the amounts of input and pelletable fractions containing CA were assayed every 4 h until 28 h postinfection. A parallel infection of
recombinant WT SIVmac239 without a VSV-G glycoprotein (no Env) was used as a negative control. Data from one of two independent experiments, which

generated similar results, are shown.

hibited a significant increase in the amount of pelletable CA com-
pared to wild-type SIVmac239; the A87K mutant had capsid sta-
bility indistinguishable from that of the wild-type virus (Fig. 3A).
Two additional independent assays were performed, revealing a
statistically significant increase in capsid stability at 16 h postin-
fection for the A87E and A87D mutants (Fig. 3B). To investigate
the kinetics of the decrease in pelletable CA for the wild-type and
mutant viruses, a fate-of-capsid assay was performed every 4 h
after infection, up until 28 h postinfection (Fig. 3C). Whereas the
amount of pelletable wild-type SIVmac239 CA is initially high,
representing a pulse of entry, by 8 to 12 h postinfection, the ma-
jority of CA is found in soluble forms. Between 20 and 28 h after
infection, the amount of pelletable wild-type CA decreases further
and becomes undetectable. The amounts of pelletable CA in cells
infected by the A87E and A87D mutants were larger than those
seen in cells infected by the wild-type virus at all time points be-
yond 8 h postinfection. The persistence of signal in the pelletable
CA fraction suggests that the A87E and A87D mutant capsids
uncoat more slowly than the wild-type SIVmac239 capsid.
Synthesis of viral cDNA and proviruses. To determine
whether the A87E, A87D, and A87K mutants efficiently reverse
transcribe their genomes, we measured SIV cDNA production by
real-time quantitative PCR (39, 40). HeLa cells were infected at a
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multiplicity of infection of approximately 0.5, and total DNA was
collected from infected cells at 2, 6, 12, 24, and 48 h postinfection.
As a negative control, viruses were heat inactivated at 56°C for 1 h,
and 100 wM AZT was added to the target cells throughout the
experiment. As an additional control, one subset of infected cells
was treated with 1 wM (10X the reported 95% effective concen-
tration [ECys]) raltegravir, an active-site inhibitor of retroviral
integrases (41, 42). The infection levels achieved for the experi-
mental and control assays are shown in Fig. 4A. Late RT products
were detected in cells infected by the wild-type and A87E and
A87D mutant viruses, indicating that reverse transcription of
complete, late-stage genomes occurred; in contrast, the A§7K mu-
tant produced detectable but near-baseline levels of late-stage ge-
nomes (Fig. 4B). Similarly, the levels of the A87K early RT prod-
uct, minus-strand strong-stop DNA, were well below those
observed for wild-type SIVmac239 (data not shown). These data
strongly suggest that the defect resulting from the introduction of
alysine at residue 87 of the STVmac239 capsid manifests very soon
after virus entry. A87K infection would therefore not be expected
to result in normal levels of 2-LTR circles, and this was demon-
strated by using a primer designed to amplify this product. Infec-
tions with wild-type SIVmac239 and the A87E and A87D mutants
all yielded high levels of 2-LTR products, an observation which is
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FIG 4 Reverse transcription and integration of SIVmac239 variants. (A) Three independent infections of HeLa cells with wild-type and mutant STVmac239 at
a multiplicity of infection of approximately 0.5 were performed, and the percentage of infected, GFP-positive cells was assayed at 48 h postinfection, as described
in the Fig. 2 legend. In some experiments, the viruses were incubated at 56°C for 1 h, and the cells were treated with 100 mM AZT (“heat/AZT”). In another set
of experiments, 1 WM raltegravir was added to the infected cells. In the experiment shown, the value obtained for the heat-inactivated, AZT-treated A87D mutant
is atypically high due to stochastic autofluorescence of the HeLa cells after treatment with 100 wuM AZT. n/d, not determined. (B) To assess the production of late
reverse transcripts, total DNA was extracted from infected HeLa cells at 2, 6, 12, 24, and 48 h postinfection. Late reverse transcript copy numbers were determined
by quantitative real-time PCR (H/A, heat inactivation of virus plus AZT treatment of target cells, as described above; Ral, raltegravir treatment [1 pM] of target
cells, as described above). The values shown represent the percentages of the maximum wild-type SIVmac239 value (7,245 copies/100 ng DNA at 12 h
postinfection). (C) The production of 2-LTR circles was assessed as described in Materials and Methods. Heat inactivation of viruses plus AZT treatment of target
cells was carried out as described above. The values shown represent the percentages of the maximum wild-type SIVmac239 value (552 copies/100 ng DNA at 24
h postinfection). (D) The production of integrated proviruses was assessed as described in Materials and Methods. Heat inactivation of viruses plus AZT
treatment of target cells and raltegravir treatment of target cells were carried out as described above. The values shown represent the percentages of the maximum

wild-type STVmac239 value (4,725 copies/100 ng DNA at 48 h postinfection).

discussed in more detail below (Fig. 4C). The number of provi-
ruses integrated into the cells infected by the wild-type, A87E, and
A87D viruses (Fig. 4D) corresponded to the observed number of
GFP-positive cells in the infectivity assay (Fig. 4A). As expected,
raltegravir did not eliminate reverse transcription but reduced
both the infection efficiency and the number of proviruses.
Production of 2-LTR circles. 2-LTR circles are dead-end
products of retroviral infection that result from the joining of viral
c¢DNA ends by host ligases. During natural infection, circular viral
cDNA forms are seen exclusively in the nucleus; the production of
2-LTR circles is therefore considered an indicator of successful
nuclear import (43). Supporting the results obtained with aphidi-
colin, which suggested that the A87E and A87D mutants can tran-
sit across an intact nuclear membrane, abundant 2-LTR circles
were observed for all three viruses (Fig. 5). The A87E and A87D
mutants demonstrated earlier production and higher overall lev-
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els, respectively, of 2-LTR circles than wild-type STVmac239. In
cells infected with wild-type SIVmac239, the presence of 2-LTR
circles with the canonical junction expected from end-to-end
ligation was confirmed by the use of a specific probe (Fig. 5A).
Despite the high overall levels of 2-LTR circles in the cells infected
with the A87E and A87D mutants, 2-LTR circles with a canonical
junction were not detected (Fig. 5B and C). This result indicated
thata portion of the products being amplified by our 2-LTR gPCR
primer set might be associated with processes other than end-to-
end ligation of viral cDNA. We considered autointegrated viral
DNA as a potential source of these amplified products.
Autointegration. Like 2-LTR and 1-LTR circles, autointe-
grated forms of viral cDNA are end products of a defective path-
way for retroviral infection. Unlike 1- and 2-LTR circles, which are
created by the action of host enzymes, autointegrated genomes
result from the viral integrase-catalyzed attack of the viral DNA
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FIG 5 Production of 2-LTR circles in infected cells. Recombinant viruses were used to infect HeLa cells, and at the indicated times, the levels of 2-LTR circles were
measured by real-time PCR. Both a standard probe (2-LTR), which detects all 2-LTR circles, and a probe (JNCT) specific for canonical 2-LTR junctions were
used. Some infected cells were treated with 1 M raltegravir (Ral). The results for infections by wild-type (WT) SIVmac239 (A) and the A87E (B) and A87D (C)
mutants are shown. The values shown represent the percentages of the maximum wild-type STVmac239 value (823 copies/100 ng DNA at 24 h postinfection after
raltegravir treatment). The results shown represent the averages and standard deviations derived from three independent infections.

genome on itself (43). Host proteins within the preintegration
complex of retroviruses serve to stimulate efficient intermolecular
integration and suppress autointegration (44). The hallmarks of
autointegration are the creation of 1- and 2-LTR circles with het-
erogeneity resulting from differences in the orientation of the in-
tasome attack and the creation of junctions joining processed 5’
and 3" LTRs to viral DNA (45). One can distinguish the 2-LTR
circles that result from autointegration from “true” 2-LTR circles
formed by end-to-end ligation by PCR amplification across the
2-LTR junction and gel analysis of the products. Although primer
sets may vary, the analysis remains the same: true 2-LTR circles
will produce uniform products, whereas autointegrated 2-LTR
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circles will produce smears due to the random sites of integration
(43, 46). For this purpose, the primer set that we used in our
2-LTR qPCRs would be expected to generate both types of prod-
ucts. PCR products from each time point of the wild-type and
mutant SIVmac239 infections were run on 2% agarose gels. The
210-bp product expected for a true 2-LTR circle junction was
clearly present in the DNA from wild-type SIVmac239-infected
cells at 12 to 48 h following virus-cell incubation (Fig. 6). In con-
trast, under identical amplification conditions, total DNA ex-
tracted from the A87E- and A87D-infected cells at 12 to 48 h
postinfection yielded a heterogeneous population of products that
migrated as a smear. As the heterogeneous products amplified
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FIG 6 Size analysis of 2-LTR products. HeLa cells were infected by recombi-
nant wild-type (WT) and A87E and A87D mutant SIVmac239. At the indi-
cated times after infection, 2-LTR circles were amplified by qPCR using the
standard 2-LTR primer set. The products of the qPCRs were run on a 2%
agarose gel and stained with ethidium bromide. For some of the experiments,
the viruses were heated at 56°C for 1 h, and the cells were treated with 100 mM
AZT. In another set of experiments, cells were treated with 1 wM raltegravir.
The boxes indicate the material excised and sequenced and are denoted (from
left to right and top to bottom) as follows: WT 6-h background, WT 12-h
smear, WT 24-h smear and ~210 bp (within smear), WT 48-h smear, WT plus
raltegravir at 12 h and 24 h and ~210 bp, A87E 6-h background, A87E 12-h
smear and ~210 bp, A87E 24-h smear and ~210 bp, A87E 48-h smear, A87E
6-h heat-inactivated background, A87E plus raltegravir at 12 h and 24 h and
~210 bp, A87D 12-h smear, A87D 24-h smear, A87D 48-h smear, A87D 24-h
heat-inactivated background, and A87D plus raltegravir at 12 h and 24 h and
~210 bp.

during A87E and A87D infection hybridized with the TagMan
probe to yield a signal in the qPCR assay, these products likely
represent 2-LTR circles with various junction lengths. If these rep-
resent autointegration products, their levels should decrease when
the activity of the viral integrase is inhibited. Raltegravir is a strand
transfer inhibitor of retroviral integrases that also modestly affects
3’-end processing (47). Raltegravir potently reduces proviral for-
mation but also increases the amount of episomal 2-LTR circles;
the latter effect probably results from an increased availability of
linear unintegrated viral DNA, which is the substrate for the host
ligases that produce true 2-LTR circles (39, 48). Addition of ralte-
gravir at 10 times the inhibitory concentration (ECy5) reduced the
number of cells infected by the wild-type and mutant viruses
(Fig. 4A). The number of integrated genomes was reduced pro-
portionately (Fig. 4C). Raltegravir treatment boosted the number
of true 2-LTR circles in wild-type SIVmac239-infected cells
(Fig. 5A and 6). Interestingly, raltegravir treatment of A87E- and
A87D-infected cells resulted in patterns of 2-LTR circle formation
that resembled those of the untreated wild-type-virus-infected
cells. Notably, although the levels of total 2-LTR circles in A87E-
and A87D-infected cells were reduced by raltegravir treatment,
the levels of 2-LTR circles with canonical junctions were increased
by raltegravir treatment (Fig. 5B and C). Strikingly, raltegravir
treatment of A87E- and A87D-infected cells resulted in the ap-
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point within the viral genome. Class III junctions have a processed 5" LTR
joined to a viral sequence. Class IV junctions are created by an unknown
process and most often consist of junctions in which both 5" and 3’ LTR ends
have undergone deletions.

Class IV. Unknown

pearance of ~210-bp bands typical of the junctional PCR product
expected for true 2-LTR circles; these discrete bands replaced the
smears associated with the heterogeneous 2-LTR circle junctions
in the untreated cells infected by these mutants (Fig. 6B and C).
The 2-LTR junctions created by host processes result mostly
from fusion of unprocessed or improperly processed viral cDNA
(49). The junctions created by autointegration, on the other hand,
should look identical to those created by bona fide proviral for-
mation; i.e., a processed “CA” dinucleotide should be joined to a
random viral sequence. To support the hypothesized origin of the
different 2-LTR forms detected in the experiment shown in Fig. 6,
we excised and sequenced representative amplicons from the aga-
rose gel. Almost 500 independent sequences were aligned and an-
alyzed, discarding none, allowing us to define four classes of
2-LTR junctions (Fig. 7). The class I junction represents the ca-
nonical 2-LTR circle junction that results from end-to-end join-
ing of unprocessed LTR ends; thus, class I junctions are associated
with “true” 2-LTR circles. Class II and class III junctions result
from autointegration events in which the 3’- and 5'-end CA di-
nucleotides, respectively, of the LTR are involved in the nucleo-
philic attack on the viral target DNA. Class IV junctions were
created by various poorly defined processes. The majority of these
class IV genomes were fusions of deleted 3" and 5" ends. Sequences
that apparently retain some undigested tRNA; , primer for re-
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verse transcription in the junction were grouped into class IV as
well.

The types of 2-LTR junctions associated with the PCR-ampli-
fied DNA bands in the gel shown in Fig. 6 are summarized in
Table 1. The majority of species in the bands of ~210 bp exhibited
class I junctions for both wild-type and mutant virus infections,
with or without raltegravir treatment. These results support the
conclusion that the major form of 2-LTR circles in untreated and
raltegravir-treated cells infected by wild-type SIVmac239 results
from end-to-end ligation of viral cDNA.

The 2-LTR circles associated with the heterogeneous PCR-am-
plified bands in the smears contained mostly class II and class III
junctions (Table 1), supporting an autointegration origin. Some
of these 2-LTR circles could be detected at 12 to 24 h following
infection of cells by wild-type STVmac239, as expected, represent-
ing 47% of the total sequences collected at 24 h postinfection (46,
50). These autointegrated forms, however, represented the vast
majority of 2-LTR circles observed in cells infected by the A87E
and A87D mutant viruses (88% and 98%, respectively, at 24 h
postinfection). Comparing wild-type and mutant viruses, the ob-
served differences in the distribution of 2-LTR circles among the
classes at 24 h postinfection were highly significant (P =5 X 10~°
for wild type versus A87E and P = 3 X 10~ ° for wild type versus
A87D, determined by a Fisher exact-probability test). Raltegravir
treatment of the cells infected by these mutants eliminated auto-
integrants and restored the production of true 2-LTR circles with
class I junctions. These results support a model in which autointe-
gration occurs more efficiently during the course of A87E and
A87D virus infection than during wild-type SIVmac239 infection.

In the experiment shown in Fig. 6, AZT treatment of cells in-
cubated with heat-inactivated viruses resulted in a reduced level of
2-LTR circles. However, in AZT-treated cells incubated with the
heat-inactivated A87E and A87D viruses, some bands of uncertain
origin were PCR amplified. We sequenced these bands and a few
other bands of uncertain identity that were PCR amplified from
2-LTR circles in the virus-infected cells. The bands in the AZT-
treated cells incubated with heat-inactivated A87E and A87D vi-
ruses migrated near the ~210-bp band expected for class I junc-
tions; however, these bands exhibited mostly inexplicably
amplified human chromosomal DNA and some class IV junc-
tions. The ~350-bp bands seen at some early time points follow-
ing infection by both wild-type and mutant viruses appeared to
result from either RT copy choice errors or packaging of improp-
erly spliced genomes.

Reliable quantitation of the efficiency of retroviral autointegra-
tion is challenging because of the heterogeneity of potential prod-
ucts. However, we could readily measure the efficiency with which
true 2-LTR circle junctions were formed during the course of
wild-type and mutant STVmac239 infection. The same primer set
used to generate the data shown in Fig. 6 was used to amplify the
2-LTR junction fragments, and a TagMan probe was designed to
hybridize across the canonical 2-LTR junctions. At 12 to 48 h
following infection of cells by wild-type STVmac239, 17 to 27% of
the total 2-LTR signal was captured by the canonical probe
(Fig. 8). This percentage increased slightly at 24 and 48 h postin-
fection as a result of raltegravir treatment. No canonical 2-LTR
circle junctions were detected in untreated cells infected by the
A87E and A87D viruses. Only after raltegravir treatment were
canonical 2-LTR circle junctions detected in cells infected by these
mutant viruses. These results confirm that an integrase-depen-
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TABLE 1 Sequence-based classification of 2-LTR junctions”

Value for virus at time after infection (h)

A87D

A87E

WT SIVmac239

12 + 24
Yes

12 24 48

No

12 +24
Yes

24 48

12
No

12 24
No
~210 Smear

No

12 + 24

48
Yes

24

No

24

12

No

Parameter

No

No

No

No

No

No

Raltegravir (1 uM) treatment

Fragment size (bp)

Smear Smear ~210

Smear

~210

Smear

Smear

~210

Smear ~210

~210 Smear

Smear

(230-330)

(230-330)

(230-330)

(230-330)  (230-330)

(230-330)

(230-330)

(230-330)

(230-330)

No. of sequenced products of class/total

21/23
0/23
0/23
2/23

0/43 4/30

5/53

0/45 3/34 718

1/97

3/4
1/4
0/4
0/4

8/17

6/7
0/7
0/7

9/34

17/43
19/43
5/43
2/43

7/10

12/40
9/40
7/40

no. of sequenced products

Class I, unprocessed
Class I1, 3" processed
Class III, 5" processed
Class IV, unknown

18/30
7130
1/30

29/43

18/53
22/53
8/53

1/8
0/8
0/8

26/34
2/34
3/34

31/45
11/45

3/45

59/97
19/97
21/97

8/17

14/34
3/34
8/34

1/10
0/10

13/43
1/43

1/17
0/17

1/7

2/10

12/40

“ The indicated PCR-amplified products from the experiment shown in Fig. 6 were excised from the gel, cloned, and sequenced. The number of sequenced products in each class divided by the total number of sequenced products is

shown.
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FIG 8 Frequency of production of canonical 2-LTR junctions. For each time point following infection of HeLa cells by wild-type (WT) and mutant SIVmac239,
the total number of 2-LTR circles was measured by real-time qPCR with a standard 2-LTR probe (see the Fig. 5 legend). In parallel, the number of 2-LTR circles
with canonical 2-LTR circle junctions was measured with a specific junctional probe. The number of canonical 2-LTR junctions is shown as a percentage of the
total 2-LTR circle junctions observed, with or without raltegravir treatment of the target cells. The asterisks indicate values less than 1%.

dent process during infection of cells by the A87E and A87D vi-
ruses results in a dramatic decrease in bona fide 2-LTR circles
relative to wild-type SIVmac239 infection. The results are consis-
tent with a greater proportion of the A87E and A87D viral cDNAs
being channeled into autointegration events than wild-type SIV-
mac239 cDNA.

DISCUSSION

During the early phase of retroviral infection, the capsid can in-
fluence many processes that are essential for the successful forma-
tion of the provirus. Changes in retroviral capsids can influence
uncoating, reverse transcription, nuclear entry, chromatin target-
ing and binding, and integration (3, 4, 6,7, 13, 14, 16, 18,37). Here
we describe two SIVmac239 capsid mutants, A87E and A87D, that
uncoat less efficiently than wild-type SIVmac239 yet are capable of
reverse transcription and nuclear entry. These mutants are
blocked prior to integration and demonstrate an increase in auto-
integration. Thus, the SIV capsid may play a direct or indirect role
in mitigating detrimental autointegration.

Several of the early steps in retrovirus infection are interdepen-
dent, working to ensure that essential functions occur at optimal
times and locations. The relationship between uncoating and re-
verse transcription has been investigated most extensively. Accel-
erated uncoating resulting from capsid changes, restriction by
TRIM5aq, or destabilizing drugs has been associated with failure to
initiate and/or complete reverse transcription (3, 4, 7, 9, 11, 17,
19). Conversely, blocking reverse transcription was reported to
inhibit functional uncoating (51). Both the A87E and A87D SIV
CA mutants exhibited significantly more pelletable capsid in the
cytosol of infected cells than wild-type SIV, at multiple time points
after infection. The basis for the apparent decrease in the rate of
capsid uncoating is unknown but could result from increased sta-
bility of the capsid or from altered interactions with as-yet-un-
known host factors. Notably, a decreased rate of uncoating re-
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sulted specifically from the introduction of an acidic residue at
position 87 of CA. Viruses with a positively charged lysine at this
position, although similarly reduced in infectivity, exhibited wild-
type capsid stability. Whatever the basis for the slower uncoating
of the A87E and A87D mutants, reverse transcription proceeded
even more efficiently for both mutants than for wild-type SIV.
Therefore, decreases in SIV uncoating do not necessarily lead to
decreases in reverse transcription. Moreover, the phenotype of the
A87K mutant demonstrates that efficient reverse transcription
does not automatically follow timely uncoating and that CA
changes can disrupt reverse transcription without apparently af-
fecting capsid stability.

Of interest, some alterations in retroviral capsids have been
reported to result in blocks to infection after reverse transcription
has been completed (3, 37). For example, some HIV-1 CA mu-
tants fail to negotiate passage through the nuclear pore complex
and do not access the nuclear chromatin (6). Both SIV and HIV-1
utilize karyophilic host proteins to shuttle their preintegration
complexes into the nucleus of the target cell (3,4,7,9, 11,17, 19).
The A87E and A87D SIV CA mutants can form true 2-LTR circles
in the presence of an integrase inhibitor, raltegravir. As the canon-
ical 2-LTR circle junction is created by host nuclear ligases, this
observation suggests that both mutants can access the nucleus, at
least in the presence of raltegravir. Moreover, the infectivity of the
mutants was not affected by aphidicolin-induced cell cycle arrest,
consistent with the known ability of lentiviruses to enter the nu-
cleus by means of the nuclear pore (2).

The reduced infectivity of the A87E and A87D mutants relative
to wild-type SIVmac239 was accompanied by a proportionate de-
crease in the number of proviruses. Although apparently able to
access the nucleus, the mutants do not effectively integrate their
viral DNA into the host DNA. The 2-LTR circles formed during
infection by the A87E and A87D viruses exhibited junctional het-
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erogeneity. Analysis of these junctions revealed properly 3'-pro-
cessed LTR ends ligated to different viral sequences, indicative of
autointegration. Autointegration is a consequence of the retrovi-
ral life-style; like 1- and 2-LTR circles, autointegrated genomes are
readily detectable end products even during efficient wild-type
infections. Nevertheless, the number of autointegrated genomes
created during a wild-type SIVmac239 infection is mitigated, pre-
sumably through either defense of the double-stranded-DNA
(dsDNA) genome, enhancement of the desired intermolecular in-
tegration, or a combination of both. Both HIV-1 and murine leu-
kemia virus (MLV) preintegration complexes (PICs) isolated
from infected cells efficiently perform intermolecular integrations
and avoid intramolecular autointegration (43, 52). In vitro auto-
integration of intact HIV-1 PICs can be stimulated upon integrase
activation in the absence of an intermolecular target (43). In con-
trast, MLV autointegration is favored only upon salt stripping of
proteins from the PIC; protection is reconstituted by adding back
host cytoplasmic extracts. The protein BAF, for barrier-to-auto-
integration factor, was identified as the host factor that stimulated
intermolecular MLV integration (52). BAF acts as a dimer to di-
valently bind dsDNA and induce its compaction. Although BAF
has been found to be a component of HIV-1 PICs, it appears to
play a minimal role in HIV-1 infection (53-55).

The two aberrant characteristics of the A87E and A87D phe-
notype, capsid hyperstability and autointegration vulnerability,
may be linked. In one model, reverse transcription produces the
viral cDNA of the A87E and A87D mutant viruses, but the lack of
dissolution or restructuring of the capsid core prevents the active
intasome from encountering an intermolecular target. This model
presumes that in a wild-type infection, autointegration is pre-
vented by the efficient transit of the PIC into the nucleus, where it
acquires new host factors and encounters a target-rich environ-
ment. In another model, the low rate of uncoating reduces the
recruitment of host factors that suppress autointegration. In a
third model, capsid uncoating leads directly to conformational
changes in the PIC that suppress autointegration. These models
are not mutually exclusive.

Although our results do not rule out other contributing mech-
anisms, the high level of autointegration observed for the A87E
and A87D mutants provides a natural explanation of the replica-
tion defects observed for these mutants. At least for the easily
assessed 2-LTR circles, autointegrated products predominate at
the expense of true 2-LTR circles for these mutants; together with
the observation that raltegravir treatment of cells infected by these
mutant viruses allows efficient formation of true 2-LTR circles,
the results suggest that in this case, autointegration is largely com-
plete before entry of the PIC into the nucleus. This model is con-
sistent with previously reported observations that suggested that
integrases become active as soon as a substrate is available and that
3’-end processing of viral cDNA occurs in the cytoplasm of in-
fected cells (50). A corollary of this model is that although a sig-
nificant fraction of the A87E and A87D viral genomes are ren-
dered nonfunctional by cytoplasmic autointegration events, viral
cDNAs that somehow escape this fate can form PICs that are func-
tional with respect to nuclear pore transit and subsequent integra-
tion. In the absence of a specific autointegration inhibitor, it is
difficult to demonstrate formally that preventing autointegration
can rescue A87E and A87D virus infectivity, as mutant provirus
formation remains dependent upon integrase activity.

Future work seeking to understand the early events in the len-
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tiviral life cycle, especially studies using 2-LTR circle formation as
a surrogate for nuclear entry, should include an assessment of
autointegrated genomes.
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