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generated by split-PCR, and used as template with a Wheat
Germ Expression kit (Cell Free Science) in accordance with
the manufacturer’s instructions.

Alphascreen-based protein-protein interaction assays
AlphaScreen assays were performed as described pre-
viously [23]. All recombinant proteins used here was syn-
thesized using a wheat germ based cell-free system as
described above. For each protein kinase, 1 pl of crude re-
combinant biotinylated construct from the human kinase
library was incubated with 1 pl of crude GST-Gag or
GST-DHER in 10 pl of kinase assay buffer (100 mM Tris—
HCI pH8.0, 10 mM MgCl,, 0.1% Tween20, 0.1% BSA) at
37°C for 1 h in one well of a 384-well Optiplate (Perkin
Elmer, Foster City, CA. In accordance with the AlphaScreen
IgG (protein A) detection kit (Perkin Elmer) instruction
manual, 15 pl of detection mixture containing 100 mM
Tris—HCI pH 8.0, 0.01% Tween-20, 1 mg/ml BSA, 5 pg/ml
Anti-FLAG antibody (GE healthcare, Buckinghamshire,
UK), 5 ng streptavidin-coated donor beads and 5 ng anti-
IgG (protein A) acceptor beads were added to each well
followed by incubation at 26°C for 1 h. AlphaScreen sig-
nals from the mixture were detected using an EnVision
device (PerkinElmer) with the AlphaScreen signal detec-
tion program.

In vitro kinase assays

Biotinylated GST-Gag proteins were synthesized in wheat
germ cell-free extracts as described above. The synthe-
sized GST-Gag proteins were then purified using strep-
tavidin conjugated magnet beads (Promega). The purified
proteins on the beads were then incubated with recombi-
nant aPKCiota (Cell Signaling Technology) in a 50 pl reac-
tion mixture containing 20 mM Tris—HCl pH 7.5, 1 mM
EDTA, 1 mM dithiothreitol, 150 mM NaCl, 5 mM MgCl,,
0.05% Tween-20, 100 uM ATP and 2 pCi [y->*P] ATP.
The reaction mixture was then incubated for 1 h at 37°C,
and the products were subjected to electrophoresis on
10% SDS polyacrylamide gels and were detected with an
image guider (BAS2500; Fuyjifilm, Tokyo, Japan).

Western blotting

Cells were harvested at the indicated post-treatment time
points with doxycycline, washed with phosphate-buffer
saline (PBS), and treated with lysis buffer (0.02% sodium
dodecyl sulfate [SDS], 0.5% Triton X-100, 300 mM NaCl,
20 mM Tris-HCI [pH 7.6], 1 mM EDTA, 1 mM dithio-
threitol) for 20 min on ice. Multiple protease inhibitors,
200 uM sodium vanadate and 20 mM sodium fluoride
were then added to the buffer. The samples were cen-
trifuged at 18,000 g for 10 min at 4°C, and clarified cell
extracts were assayed for protein concentration using a
Bio-Rad kit. Equal amounts of proteins (20 ~ 50 pg) were
resolved by SDS-10% polyacrylamide (acrylamide, 29.2;
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bisacrylamide, 0.8) gel electrophoresis (SDS-PAGE) in
running buffer (250 mM glycine, 25 mM Tris, 0.1% SDS).
The separated proteins were transferred to polyvinylidene
difluoride membrane. The membranes were washed with
blotting buffer (TBS containing 0.1% Tween 20) and
blocked in 10% low-fat powdered milk in blotting buffer
for 1 h at room temperature. Primary antibodies were
added at appropriate dilutions in 3% bovine serum albu-
min in blotting buffer and rocked overnight at 4°C. The
membranes were then further washed in blotting buffer
and incubated with a horseradish peroxidase-conjugated
secondary antibody at room temperature for 1 h. Target
proteins were detected with an enhanced chemilumine-
scence detection system (GE Healthcare). Images were
processed using Fluor Chem FC2 (Alpha Innotech Corp.
Tokyo, Japan) with a cooled charge-coupled device (CCD)
camera and assembled using Adobe Photoshop CS5
Extended.

Identification of phosphorylation sites on HIV-1 gag by
mass spectrometry

Samples were separated by SDS-PAGE (12.5%) and the gel
was stained with Coomassie brilliant blue (CBB). Gag was
excised from the stained gel and digested with trypsin in
50 mM NH4HCO; (pH 8.0) for 12 h at 37°C. Phospho-
peptides were enriched using Titansphere® Phos-TiO
Kit (GLsciences, Tokyo, Japan), in accordance with the
manufacturer’s instructions. The enriched phosphopep-
tides were then analyzed by MALDI-TOF/TOF-MS (4800
proteomics analyzer, AB SCIEX, Foster City, CA). The
resulting raw MS spectrum was processed using the 4000
Series Explorer Software (AB SCIEX, Framingham, MA)
to generate Mascot generic format. The obtained MS and
MS/MS data were then searched against the SwissProt
database (January, 2013; 538849 sequences) using Mascot
version 2.4.1 software (Matrix Science, London, UK), to
identify proteins and protein modification. The search
parameters were as follows: trypsin digestion with two
missed cleavages permitted, variable modifications (oxida-
tion of Met and phosphorylation of Ser, Thr, and Tyr),
peptide mass tolerance for MS data +0.15 Da, and frag-
ment mass tolerance +0.3 Da. Phosphopeptides were
determined primarily using the Mascot program and were
confirmed manually through raw MS/MS sequence data
checking for the neutral loss of the phosphate group
(-98).

Analysis of structural data and structural model
construction

The 3D structure of Alix with wild-type Gag-p6 was
predicted by homology modeling using Molecular
Operating Environment (MOE) (Chemical Computing
Group, Canada). X-ray crystal structure of Gag-p6-Alix
(Protein Data Bank [PDB] code: 2R02) was used as
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template structure. Energy calculation was achieved with
AMBER ff99 force field and the GB/VI implicit solvent
energy function [59]. Next, on the basis of the predicted
structural model of Alix with wild-type Gag-p6, 3D
structures of Alix with Gag-p6S487A and phosphorylated
Gag-p6-Serd87 were constructed using Molecular Builder
in MOE.

3D structures of Vpr with wild-type Gag-p6, Gag-
p6Serd87A, and phosphorylated Gag-p6-Serd87 were also
predicted by docking simulations with ASEdock module
in MOE, because of no complex structure of Gag-p6-Vpr.
The complex structure was estimated with a nuclear
magnetic resonance (NMR) structure of Vpr (PDB code:
1MBSL [60]) and a NMR structure around helix II domain
of Gag-p6 (Gag Y483 to $494) (PDB code: 2C55). Substi-
tution and phosphorylation at Gag S487 were achieved
with the Molecular Builder. Energy calculations in the
docking simulations were achieved with the same force
field as that for Gag-p6-Alix.

Finally, all of the constructed complex structures were
thermodynamically optimized with energy minimization,
to remove unfavorable steric contacts.

Bimolecular fluorescence complementation assay (BiFC)
To detect interaction of Gag with Vpr, we used the BiFC
technique. Briefly, two fragments of Kusabira-Green (KG)
fluorescent protein are brought together by the interaction
of two proteins fused to these fragments, thus allowing
specific detection of interaction in living cells (Amalgaam).
Vpr or Vpr Q44E were cloned into phmKGN-MN and
Gag or GagSer487A into phmKGC-MC. 293T cells were
cotransfected with 0.7 pg of the Vpr construct and 0.5 pg
of the Gag construct. Two days post transfection, cells
were harvested and then subjected to the flow cytometry
for measuring BiFC signal as reported previously [34].

Immunoprecipitation

Cells were lysed in Lysis buffer containing 50 mM Tris—
HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1 mM DTT
with Complete protease inhibitor cocktail (Roche Molecular
Biochemicals, Indianapolis, IN) and PhosSTOP phosphat-
ase inhibitor cocktail (Roche Molecular Biochemicals).
Lysate were cleared by centrifugation at 12,000 x g for
15 min, followed by pull down using with anti-Flag M2
affinity Gel (Sigma). Samples were separated by SDS-
PAGE and analysed by Western blot analyses.

Single-cycle virus release assays

For infection-based assays, cells were infected with VSV-
G-pseudotyped HIV-1 at an moi (multiplicity of infec-
tion) of 0.01 or 0.2 for eight hours and cultured for two
days. In experiments using kinase inhibitors, cells were
treated with each inhibitor at 12 h before virus infection.
Virus-containing supernatants were harvested and filtered
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to remove cell debris, and viral p24 antigens were mea-
sured using an ELISA kit (Zepto Metrix). The cell lysates
were prepared using HBST buffer (10 mM HEPES,
pH 7.4, 150 mM NaCl, 0.5% Triton X-100) containing a
protease inhibitor cocktail (Roche). Immunoblotting as-
says and the antibodies used have been described previ-
ously [61]. The culture supernatants and cell lysates were
subjected to p24 ELISA or immunoblotting assays, as de-
scribed above.

HIV-1 production assay

Primary human macrophages were infected with HIV-1g9 4
or HIV-1nypap.s virus. Two days post-infection, these cells
were washed with PBS to eliminate the presence of virus.
After washing, the cells were cultured either in media
alone or media containing aPKC inhibitor. Infected macro-
phages were cultured for 12 days, during which time viral
supernatants were collected and fresh media with inhi-
bitors was also added every three days. The p24 levels con-
tained in each viral supernatant sample was monitored
using p24 ELISA (Zepto Metrix) in accordance with the
manufacturer’s protocol.
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ABSTRACT

We previously showed that prototype macaque-tropic human immunodeficiency virus type 1 (HIV-1) acquired nonsynonymous
growth-enhancing mutations within a narrow genomic region during the adaptation process in macaque cells. These adaptive
mutations were clustered in the 3’ region of the pol gene, encoding a small portion of the C-terminal domain of integrase (IN).
Mutations in HIV-1 IN have been reported to have pleiotropic effects on both the early and late phases in viral replication. cis-
acting functions in the IN-coding sequence for viral gene expression have also been reported. We here demonstrated that the
adaptive mutations promoted viral growth by increasing virion production with no positive effects on the early replication
phase. Synonymous codon alterations in one of the adaptive mutations influenced virion production levels, which suggested
nucleotide-dependent regulation. Indeed, when the single-nucleotide natural polymorphisms observed in the 3’ regions of 196
HIV-1/simian immunodeficiency virus (SIVcpz) pol genes (nucleotides [nt] 4895 to 4929 for HIV-1 NL4-3) were introduced into
macaque- and human-tropic HIV-1 clones, more than half exhibited altered replication potentials. Moreover, single-nucleotide
mutations caused parallel increases or decreases in the expression levels of viral late proteins and viral replication potentials. We
also showed that the overall expression profiles of viral mRNAs were markedly changed by single-nucleotide mutations. These
results demonstrate that the 3 region of the HIV-1 pol gene (nt 4895 to 4929) can alter viral replication potential by modulating
the expression pattern of viral mRNAs in a nucleotide-dependent manner.

IMPORTANCE

Viruses have the plasticity to adapt themselves under various constraints. HIV-1 can mutate and evolve in growth-restrictive
cells by acquiring adaptive changes in its genome. We have previously identified some growth-enhancing mutations in a narrow
region of the IN-coding sequence, in which a number of cis-acting elements are located. We now focus on the virological signifi-
cance of this pol gene region and the mechanistic basis underlying its effects on viral replication. We have found several naturally

occurring synonymous mutations within this region that alter viral replication potentials. The effects caused by these natural
single-nucleotide polymorphisms are linked to the definite expression patterns of viral mRNAs. We show here that the nucleo-
tide sequence of the pol gene (nucleotides 4895 to 4929 for HIV-1 NL4-3) plays an important role in HIV-1 replication by modu-

lating viral gene expression.

*%"he gene expression process of human immunodeficiency virus
¢ type 1 (HIV-1) (transcription, capping, polyadenylation,
splicing, nuclear export, and translation) is highly coordinated
and regulated by interactions between host/viral proteins and cis-
acting elements located within the viral genome (1, 2). During this
process, more than 40 mRNA species with nine viral genes are
generated by alternative splicing (3, 4). These mRNA species are
divided into three major groups: ~9-kb mRNAs (unspliced form)
encoding Gag and Gag-Pol proteins, ~4-kb mRNAs (singly
spliced form) encoding Vif, Vpr, Vpu, and Env proteins, and
~1.8-kb mRNAs (completely spliced form) encoding Tat, Rev,
and Nef proteins. In the early phase of HIV-1 gene expression,
~1.8-kb mRNA species are transported to the cytoplasm and
translated to synthesize Tat, Rev, and Nef proteins. Tat, along with
some host factors, trans-activates HIV-1 transcription (5, 6). Rev
facilitates the nuclear export of ~4-kb and ~9-kb HIV-1 mRNAs,
and their encoded proteins are subsequently produced (7, 8). Al-
terations in the tightly regulated process of HIV-1 gene expression
can affect viral replication (3, 4, 9-11).
HIV-1 integrase (IN) is generated from a Gag-Pol precursor
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and mediates integration, a hallmark of retroviruses. HIV-1 IN is
involved not only in integration but also in reverse transcription,
viral DNA nuclear import, and virion assembly/production (12~
19). The deletion or C-terminal truncation of HIV-1 IN has been
shown to reduce virion production in producer cells (20, 21).
Although mutations in IN have negative effects on virion produc-
tion, they also affect the early phase of viral replication (15, 22).
Different amino acid substitutions at the same sites often have
diverse effects on viral replication potential (13, 15, 23, 24). Fur-
thermore, a number of splicing sites and cis-acting elements have
been identified in the IN-coding sequence (3, 4, 25-30). There-
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FIG 1 Growth-enhancing mutations identified in the 3’ region of the pol gene.
The genome structure of 5R (34) (GenBank accession no. AB266485) is sche-
matically depicted. Black areas show the sequence derived from SIVmac239
(56) (GenBank accession no. M33262). The pol region encoding IN and the IN
domain structure are indicated. The gray area represents a region in the pol
gene (nt 4889 to 4923) designated Pol4889-4923, in which adaptive mutations
are located. NTD, N-terminal domain; CCD, catalytic core domain; CTD,
C-terminal domain. Details of the adaptive mutations found in the Pol4889-
4923 region are shown at the bottom.

fore, mutations in the IN-coding sequence can change the nucle-
otide sequence important for viral replication as well as the pro-
tein-coding sequence associated with IN activity. The replication-
defective mutant IN E246K represents a good example. It showed
a processing defect in Gag, and its virion production level was
markedly reduced (15). The E246K mutation, which is located
within splicing site D2 and affects viral RNA splicing, was shown
to result in the loss of viral infectivity (31). Thus, cis-acting func-
tions in the IN-coding sequence must be considered to delineate
its possible roles in viral replication.

In a previous virus adaptation study, we demonstrated that
growth-enhanced viruses, which emerged following a long-term
culture of cells infected with macaque-tropic HIV-1 NL-DT5R
(5R) or NL-DT562 (562), frequently and reproducibly acquired
mutations in the 3’ region of the pol gene (nucleotides [nt] 4889 to
4923 for 5R [Fig. 1] and nt 4895 to 4929 for the standard HIV-1
NL4-3), which encodes a small portion of the IN C-terminal do-
main (CTD) (32). Four adaptive mutations (N222K, F223Y,
D229E, and V234I) in the region were identified in our repeated
virus adaptation experiments and were responsible for viral
growth enhancements (32). In this study, we aimed to elucidate
how mutations in the 3’ region of the pol gene promoted viral
replication and what the virological significance of this region was.
The four mutations mentioned above were found to augment vi-
rus replication potential by increasing infectious virion produc-
tion without any effects on the early replication phase. The CTD
has been reported to be the least conserved sequence of the three
domains in IN (15, 17, 19), with the 234th amino acid in IN being
polymorphic (33). Codon alterations in V2341 from ATT to ATC
and ATA influenced virion production, which indicated regula-
tion by a single-nucleotide change. An investigation of the se-
quences in the 3’ region of the pol gene in 196 HIV-1/simian
immunodeficiency virus (SIVcpz) genomes (HIV sequence com-
pendium 2011, Los Alamos National Laboratory, NM, USA) re-
vealed that natural variants carried ATT or ATC at amino acid
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position 234. Based on these findings, single-nucleotide natural
variations in the 3’ region of the pol gene (nt 4895 to 4929 for
NI4-3) were introduced into macaque- and human-tropic HIV-1
clones. We identified several natural variations that alter virion
production/replication efficiency. The observed effects of single-
nucleotide variations were attributed to an increase or decrease in
the expression levels of viral late proteins (Gag, Gag-Pol, Vpu, and
Env), whereas early proteins (Nef and Rev) were invariably ex-
pressed. Moreover, single-nucleotide variations caused changes in
the viral mRNA expression pattern. Taken together, our results
showed that the nucleotide sequence of the 3’ region of the HIV-1
pol gene (nt 4895 to 4929 for NL4-3) play an important role in
viral replication by modulating viral gene expression.

MATERIALS AND METHODS

Plasmid DNAs. The proviral clones pNL-DT5R (34) and pNL4-3 (35)
were used as parental clones in the present study. Proviral clones carrying
each mutation in the 3' region of the pol gene were constructed with the
QuikChange site-directed mutagenesis kit (Agilent Technologies Inc.,
Santa Clara, CA). Proviral env-deficient clones were constructed by delet-
ing the Ndel (nt 6584)-Nhel (nt 7435) fragment of pNL-DT5R. Reporter
clones were constructed by introducing the luciferase gene into the nef
gene of env-deficient proviral clones as described previously (36). A long
terminal repeat (LTR)-driven luciferase reporter clone (SRLTR-Luc) was
constructed by replacing the Aatll (5'end of the proviral genome)-Ncol
(5"end of the luciferase gene in the nef gene) fragment of the pNL-DT5R
luciferase reporter clone with the LTR region (nt 1 to 789) of pNL-DT5R.
A proviral gag/gag-pol frameshift clone (gtg-Spe) was constructed by cut-
ting the V234gtg clone with Spel (nt 1501) within the gag capsid and
inserting four nucleotides with T4 DNA polymerase.

Cells. Human kidney 293T cells were cultured in minimal essential
medium (MEM) supplemented with 10% heat-inactivated fetal bovine
serum (hiFBS). Human lymphocyte M8166 cells were cultured in RPMI
1640 supplemented with 10% hiFBS. Human lymphocyte MT4/CCR5
cells (MT4 cells stably expressing CCR5) were maintained in RPMI 1640
containing 10% hiFBS and 200 p.g/ml of hygromycin B (Sigma-Aldrich
Co., St. Louis, MO).

Analysis of virus growth kinetics. Virus stocks were prepared from
293T cells transfected with proviral clones as previously described (34,
35). Virion-associated reverse transcriptase (RT) activity was measured as
previously described (37). M8166 and MT4/CCR5 cells (10°) were in-
fected with equal amounts of NL-DT5R and its derivative viruses (35 RT
unitsand 5 X 10° RT units for M8166 and MT4/CCRS5 cells, respectively),
as previously described (38, 39). Equal amounts (10° RT units) of HIV-1
NIL4-3 and its derivative viruses were inoculated into MT4/CCR5 cells
(10°). Virus replication was monitored by RT activity released into the
culture supernatants.

Analysis of single-cycle viral infectivity. Vesicular stomatitis virus G
protein (VSV-G)-pseudotyped viruses were prepared from 293T cells
cotransfected with an env-deficient luciferase reporter clone and
pCMV-G (40) at a molar ratio of 1:1. Virus amounts on day 2 posttrans-
fection were measured with an HIV-1 p24 antigen enzyme-linked immu-
nosorbent assay (ELISA) kit (ZeptoMetrix Corporation, Buffalo, NY).
M8166 cells (10%) were infected with equal amounts of pseudotyped vi-
ruses (30 pg of p24), and cells were lysed on day 1 postinfection for lucif-
erase assays (Promega Corporation, Madison, WI).

Analysis of viral cDNA synthesis. DNase I-treated pseudoviruses
(150 pg of p24) were inoculated into M8166 cells (5 X 10°), and total DNA
was extracted on day 1 postinfection using the DNeasy blood and tissue kit
(Qiagen GmbH, Hilden, Germany). Quantitative analyses of viral cDNA
products using real-time quantitative PCR (ABI7500; Life Technologies
Corporation, Carlsbad, CA) were performed as previously described (14).

Analysis of virion production. M8166 cells (10°) were cotransfected
with equal amounts of env-deficient proviral clones (1 pg) and the pGL3
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luciferase reporter vector (Promega Corporation) (1 jg) using the Amaxa
human T cell Nucleofector kit (Lonza Ltd., Basel, Switzerland) with
Nucleofector II (Lonza Ltd.). Culture supernatants were collected on day
2 posttransfection, and virion production was measured using the HIV-1
p24 antigen ELISA kit (ZeptoMetrix Corporation). Cell lysates were pre-
pared with 1X CCLR buffer (Promega Corporation) and subjected to
luciferase assays (Promega Corporation). The luciferase activity in cell
lysates was used to normalize the transfection efficiency.

Analysis of viral protein expression. 293T cells for Western blot anal-
ysis were transfected with equal amounts of proviral clones by using Li-
pofectamine 2000 (Life Technologies Corporation) in the absence or
presence of 2 WM saquinavir (SQV) (Sigma-Aldrich Co.). On day 1 post-
transfection, cells were lysed in 1X TNE buffer (10 mM Tris-HCl [pH
8.0], 1% Nonidet P-40, 150 mM NaCl, 1 mM EDTA [pH 8.0], and 1%
protease inhibitor cocktail [Sigma-Aldrich Co.]). The total protein
amounts in the cell lysates were measured with the DC protein assay
(Bio-Rad Laboratories Inc., Hercules, CA), and equal amounts were
loaded onto Mini-Protean TGX gels (Bio-Rad Laboratories Inc.) for elec-
trophoresis (0.5 pg for the anti-gp160 antibody, 1 g for the anti-Vpu
antibody, 2 g for the anti-p24, anti-Nef, or anti-B-actin antibody, 5 pg
for the anti-Rev antibody, and 20 p.g for the anti-RT antibody). Following
blotting onto Immobilon-P transfer membranes (Merck KGaA, Darm-
stadt, Germany), the membranes were treated with the anti-B-actin clone
AC-15 (Sigma-Aldrich Co.), anti-HIV-1 p24 (183-H12-5C) (catalog
number 3537; NIH Research and References Reagent Program), anti-
HIV-1 RT (MP Biomedicals, Santa Ana, CA), HIV-1 NL4-3 Vpu antise-
rum (catalog number 969; NIH Research and References Reagent Pro-
gram), anti-HIV-1 gp160 (ADP409; Immuno Ltd./the MRC AIDS
Directed Programme Reagent Project), anti-Rev (ab25871; Abcam PLC,
Cambridge, England), or anti-HIV-1 Nef (Advanced Biotechnologies
Inc., Columbia, MD) antibody and visualized with the Amersham ECL
Plus Western blotting detection system (GE Healthcare UK Ltd., Buck-
inghamshire, England). A GS-800 calibrated densitometer and Quantity
One software (Bio-Rad Laboratories Inc.) were used to quantify signal
intensities. To monitor the expression levels of viral proteins, 293T cells
were transfected with proviral clones by using Lipofectamine 2000 (Life
Technologies Corporation), and on day 2 posttransfection, samples were
prepared as described above. The amounts of cell-associated Gag-p24 and
Pol-RT were measured using the HIV-1 p24 antigen ELISA kit (ZeptoMe-
trix Corporation) and RT capture ELISA kit (ImmunoDX, LLC, Woburn,
MA), respectively. To monitor Tat activity, 293T cells were cotransfected
with proviral clones (0.2 jug) and the SRLTR-Luc clone (0.05 p.g) by using
Lipofectamine 2000 (Life Technologies Corporation). Cells were lysed
with 1X CCLR buffer (Promega Corporation) on day 1 posttransfection
for luciferase assays (Promega Corporation). 293T cells for the interfer-
ence experiments were transfected with an appropriate amount of provi-
ral clones (5R and its derivatives) by using Lipofectamine 2000 (Life Tech-
nologies Corporation). Cells were lysed with 1X TNE buffer on day 1
posttransfection, and the amount of Gag-p24 in cell lysates was measured
using the HIV-1 p24 antigen ELISA kit (ZeptoMetrix Corporation).

Northern blot analysis. 293T cells were transfected with equal
amounts of proviral clones by using Lipofectamine 2000 (Life Technolo-
gies Corporation), and total RNA was extracted at 10 to 20 h posttrans-
fection using the RNeasy Plus Minikit (Qiagen GmbH). Poly(A)" RNA
was isolated with the Oligotex-dT30 Super mRNA purification kit (Ta-
KaRa Bio Inc., Otsu, Japan) and then treated with DNase I (TaKaRa Bio
Inc.). Equal amounts of RNA samples were loaded on a glyoxal denatured
1% agarose gel prepared with NorthernMax-Gly 10X Gel Prep/running
buffer (Life Technologies Corporation), electrophoresed, and blotted
onto a positively charged nylon membrane (Roche Diagnostics GmbH,
Mannheim, Germany). The digoxigenin (DIG)-labeled universal probe
(U probe) to detect all HIV-1 mRNA species was prepared by using a PCR
DIG probe synthesis kit (Roche Diagnostics GmbH.) with pNL4-3 as a
template and primers 5'-GAGGATTGTGGAACTTCTGG-3' and 5'-CT
TTGGGAGTGAATTAGCCC-3'. The DIG-labeled Rev-responsive ele-
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ment (RRE) probe, vif probe, and vpr probe were synthesized using tem-
plates and primer pairs as follows: RRE probe, pNL4-3, forward primer
5'-CCATTAGGAGTAGCACCCAC-3', and reverse primer 5'-GTTCCA
GAGATTTATTACTCC-3'; vif probe, pNL-DT5R, forward primer 5'-AT
GGAGGAGGAAAAGAGGTGG-3', and reverse primer 5'-CTGCATAA
GTACTGAGCCAC-3'; and vpr probe, pNL4-3, forward primer 5'-ATG
GAACAAGCCCCAGAAG-3', and reverse primer 5'-GCAGAATTCTTA
TTATGGCTTCC-3’. The membrane was hybridized with the DIG-
labeled probe in DIG Easy Hyb (Roche -Diagnostics GmbH), and
visualized with the DIG High Prime DNA labeling and detection starter
kit II (Roche Diagnostics GmbH). To monitor and normalize loading
amounts of RNAs, membranes were hybridized with the random-prime
DIG-labeled GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
probe prepared with the DIG High Prime DNA labeling and detection
starter kit II (Roche Diagnostics GmbH) and visualized as described
above.

RESULTS

Growth-enhancing adaptive mutations increase virion produc-
tion but have no effects on the early phase of viral replication.
We previously obtained adapted viruses with enhanced growth
potential from long-term cultures of macaque cells infected with
macaque-tropic HIV-1 5R (34) or its R5-tropic version 562 (41).
While proviral clones generated from adapted viruses contained a
number of mutations in scattered regions of the viral genomes,
only mutations in pol-IN or env-Gp120 were found to contribute
to viral growth enhancement (32). In this study, we investigated
the mechanistic basis for acceleration of viral replication by the
adaptive mutations in the IN-coding sequence. As indicated in
Fig. 1, four mutations (N222K, F223Y, D229E, and V2341 in the 3’
region of the pol gene designated Pol4889-4923) were previously
shown to enhance viral growth in macaque cells (32). The intro-
duction of both N222K and V234I into human-tropic HIV-1
NL4-3 had a growth-enhancing effect in human cells similar to
that observed for 5R (32). We first studied the effect of the adap-
tive mutations in the Pol4889-4923 region on viral replication in
M8166 cells. As shown in Fig. 2A, all mutants grew more effi-
ciently than the parental 5R virus. To examine the early replication
phase, single-cycle viral infectivity was determined by infection
with VSV-G-pseudotyped viruses containing a luciferase gene in
the nefgene. All mutant clones exhibited infectivity similar to that
of 5R (Fig. 2B). Furthermore, the four mutations did not have
positive effects on viral cDNA synthesis, as measured by real-time
quantitative PCR (Fig. 2C). All four growth-enhancing mutations
resulted in an increase in virion production in transfected M8166
cells (Fig. 2D). An enhancement in virion production was consis-
tently observed for pseudotyped and proviral clones in transfected
293T cells (data not shown). These results showed that the accel-
eration of viral replication by the adaptive mutations in the
Pol4889-4923 region could be attributed to the increase in infec-
tious virion production in producer cells.

Amino acid substitutions caused by the adaptive mutations
may not be responsible for the enhancement in virion produc-
tion/replication ability. All growth-enhancing mutations in the
Pol4889-4923 region were nonsynonymous changes (Fig. 1). To
determine whether altered amino acids were critical for the en-
hancement in virion production/replication efficiency, each
amino acid at the four sites (N222, F223, D229, and V234) was
replaced by various amino acids with different sizes and chemical
properties (detailed in Table 1). The effects of amino acid substi-
tutions at these positions on virion production and viral replica-
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FIG 2 Effect of the adaptive mutations in the Pol4889-4923 region on differ-
ent stages of virus replication in M8166 cells. (A) Replication kinetics, Input
viruses were prepared from 293T cells transfected with the indicated proviral
clones, and equal amounts were inoculated into M8166 cells. Virus replication
was monitored by RT activity released into the culture supernatants. Repre-
sentative data from at least three independent experiments are shown. (B)
Single-cycle viral infectivity. VSV-G-pseudotyped viruses were prepared from
293T cells transfected with the indicated clones, and equal amounts were in-
oculated into M8166 cells. Cell lysates were prepared on day 1 postinfection
and subjected to luciferase assays. Infectivity is presented as luciferase activity
relative to that exhibited by 5R. Mean values from three independent experi-
ments are shown with the standard deviations (SD). (C) Viral cDNA synthesis.
VSV-G-pseudotyped viruses were prepared from 293T cells transfected with
the indicated clones, DNase I treated, and inoculated into M8166 cells. Total
DNA was extracted from infected cells on day 1 postinfection and subjected to
real-time quantitative PCR analyses with a primer pair specific for the late
form (R/gag) of viral cDNA. The DNA copy number relative to that of 5R is
presented. Mean values = SD from three independent experiments are shown.
(D) Virion production. M8166 cells were cotransfected with the indicated
env-deficient proviral clones and a luciferase reporter vector (pGL3) by using a
Nucleofector. Virion production on day 2 posttransfection was measured by
the amount of Gag-p24 in the culture supernatants. The amount of p24 was
normalized by luciferase activity in cell lysates. The amount of p24 relative to
that produced by 5R is presented. Mean values % SD from four independent
experiments are shown. Significance relative to 5R as calculated by the Student
t test is shown (¥, P < 0.01; **, P < 0.02).

tion (Fig. 3) were determined as described above. As shown in Fig.
3A, for N222, the virion production level relative to that of SR was
enhanced by the substitution with Ala (A) and Gly (G) as well as
the growth-enhancing adaptive mutation Lys (K) but was de-
creased by the substitution with Phe (F) and Tyr (Y). The increase
and decrease in virion production caused by these amino acid
substitutions at N222 positively correlated with viral growth po-
tential (Fig. 3A). For F223 (Fig. 3B), all mutant clones carrying Ala
(A), Glu (E), Gly (G), His (H), Lys (K), and Ser (S) in addition to
the adaptive mutation Tyr (Y) produced more virions than 5R,
whereas only F223Y augmented viral replication efficiency. To
study the cause of this apparent discrepancy, we compared the
effects of F223Y and F223A/E/H/S on the early replication phase
(Fig. 4). While F223Y showed levels of single-cycle viral infectivity
and viral cDNA synthesis (late and integrated forms) similar to
those for 5R, marked differences were observed in the behaviors of
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the other mutants. The virus infectivity of F223H was approxi-
mately 30% to that of 5R, and the infectivity of F223A/E/S was
undetectable (Fig. 4A). A reduction in viral cDNA levels was also
observed for F223A/E/H/S (Fig. 4B and C). These results indicate
that the F223 residue is essential for the function of IN in the early
replication phase. For D229 (Fig. 3C), virion production/replica-
tion ability was enhanced only by the adaptive mutation Glu (E),
and the other mutants carrying D229A/G/T/W had reduced vi-
rion production/replication potential. For V234 (Fig. 3D), the Gly
(G) substitution as well as the adaptive mutation Ile (I) aug-
mented virion production/replication capability, but V234A/W
decreased these. Because mutants D229K and V234E produced
virions at the 5R level upon transfection (Fig. 3C and D), they are
most likely to be defective for the early replication phase like the
F223 mutants (Fig. 3B and 4). The results in Fig. 3 clarify the clear
correlation between virion production and viral growth potential,
except for the F223 mutants and the D229K/V234E mutants.
However, increases or decreases in virion production were not
dependent on altered amino acid sizes or chemical properties (Ta-
ble 1). For example, virion production levels were erthanced by
any altered amino acids tested at F223, and V234G and V234A
increased and decreased virion production levels, respectively, de-
spite their similar amino acid properties. Therefore, these results
indicate that amino acid residues may not be a determinant for
virion production.

Synonymous codon changes in V234I alter virion produc-
tion/replication ability. Although no clear relationship was ob-
served between the amino acids in the Pol/4889-4923 region and
increase in virion production (Table 1), virion production levels
were markedly affected by the substitutions with different amino
acids (Fig. 3). Since nucleotide mutations in the IN-coding se-
quence can induce viral phenotypic changes as described above,
we speculated about the possible involvement of codon/nucleo-
tide sequences in virion production enhancements. Thus, proviral
clones carrying different codons for growth-enhancing mutations
were constructed (N222K-2, F223Y-2, D229E-2, V2341-2, and
V234I-3), and their growth potentials were compared to those of
5R and parental clones with each adaptive mutation. As shown in
Fig. 5A, the growth of codon-altered viral clones (N222K-2,
F223Y-2, and D229E-2) was more efficient than that of 5R, as
observed for N222K, F223Y, and D229E. A fluctuation in viral
replication potential among the V2341 codon variants was noted:
the growth abilities of V2341 and V2341-3 were higher than that of
5R, but that of for V2341-2 was slightly impeded (Fig. 5A). While
the single-cycle early infectivities of 5R and these codon variants
were similar (Fig. 5B), their virion production levels varied in
parallel with their replication potentials (Fig. 5A and C). Only
V2341-2 exhibited a virion production level similar to that of 5R,
and the other codon-altered mutants showed an enhanced level of
virion production. The results for the V2341 codon variants dem-
onstrate the alteration in virion production levels in a nucleotide
sequence-dependent manner, resulting in the modulation of viral
replication ability.

Virion production levels of V2341 codon variants correlate
with Gag and Gag-Pol expression levels in producer cells. Syn-
onymous codon changes in Ile (I) at amino acid position 234 in
pol-IN caused an alteration in infectious virion production levels
(Fig. 5C). We assumed that at least Gag and Gag-Pol expression
levels, prerequisites for virion formation, correlatively varied with
the amount of progeny virions. It has also been shown that cell-
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TABLE 1 Characteristics of viral clones carrying various mutations in the 3’ region of the pol gene

Amino acid position ~ Viralclone ~ Amino Size of amino Chemical property(ies) of ~ Early Virion

inIN name acid Codon acid amino acid replication® production® Growth®

222 5R N AAT Medium-small Neutral, hydrophilic ++ ++ ++
N222K* K AAA Medium-large Basic ++ +++ +++
N222K-2 K AAG Medium-large Basic ++ +++ +++
N222A A GCT Small Aliphatic, hydrophobic ND? +++ +++
N222G G GGT Small Aliphatic, hydrophobic ND +++ +++
N222F F TTC Large Aromatic, hydrophobic ND + -
N222Y Y TAT Large Aromatic ND ++ +

223 5R F TTT Large Aromatic, hydrophobic ++ ++ ++
F223Y° Y TAT Large Aromatic ++ +++ +++
F223Y-2 Y TAC Large Aromatic ++ +++ +4++
F223H H CAT Large Basic + +++ +
F223G G GGT Small Aliphatic, hydrophobic ND +++ -
F223A A GCT Small Aliphatic, hydrophobic - +++ -
F223S S TCT Small Neutral, hydrophilic - +++ -
F223E E GAA Medium-large Acidic - +++ -
F223K K AAA Medium-large Basic ND +++ -

229 5R D GAC Medium-small ~ Acidic ++ ++ ++
D229E* E GAA Medium-large Acidic ++ +++ +++
D229E-2 E GAG Medium-large Acidic ++ +++ +++
D229K K AAA Medium-large Basic ND ++ +
D229A A GCC Small Aliphatic, hydrophobic ND + -
D229G G GGC Small Aliphatic, hydrophobic ND + +
D229T T ACC Medium-small ~ Neutral, hydrophilic ND - -
D229W w TGG Large Aromatic, hydrophobic ND - -~

234 5R A GTT Medium-small  Aliphatic, hydrophobic ++ ++ ++
V2341° I ATT Medium-small  Aliphatic, hydrophobic ++ +++ +++
V2341-2 I ATC Medium-small  Aliphatic, hydrophobic ++ ++ +
V2341-3 I ATA Medium-small  Aliphatic, hydrophobic ++ +++ +++
V234G G GGT Small Aliphatic, hydrophobic ND +++ +++
V234A A GCT Small Aliphatic, hydrophobic ND + +
V234E E GAA Medium-large Acidic ND ++ +
V234W w TGG Large Aromatic, hydrophobic ND + +

@ 4+, >150% of 5R activity; ++, >70 to 150% of 5R activity; -+, 10 to 70% of 5R activity; —, <10% of 5R activity. Data were obtained in M8166 cells.
byt replication peaked earlier or virus production levels on the peak day were higher than those of 5R; + +, replication kinetics were similar to those of 5R; +, replication
peaked later or virus production levels on the peak day were lower than those of 5R; —, replication was not detected during the observation period. Data were obtained in M8166

cells.
¢ Adaptive (growth-enhancing) mutation.
4 ND, not done.

associated Gag was decreased for pol-IN deletion mutant viruses
defective in virion production (20). To determine intracellular
Gag and Gag-Pol expression levels, the proviral clones of 5R and
V2341 codon variants were transfected into 293T cells in the pres-
ence or absence of the HIV-1 protease inhibitor SQV. First, intra-
cellular Gag-p24 and Pol-RT in the absence of SQV were mea-
sured by ELISA. While V234I and V234I-3, with improved virion
production potential, expressed higher levels of Gag-p24 and
Pol-RT than 5R, V234I-2 and 5R generated similar amounts (Fig.
6A). We then examined the intracellular expression patterns of
Gag and Gag-Pol by Western blotting analyses. The expression
profiles of Pr55%%8/p24 and Pr160°**°/p66/p51 for 5R and
V2341 codon variants were similar in the absence of SQV, which
strongly suggested the absence of an effect of V2341 mutations on
viral protein processing [Fig. 6B SQV(—)]. The expression levels
of Gag/Gag-Pol-related proteins were higher for V234l and
V2341-3 than for 5R [Fig. 6B and C, SQV(—)]. In contrast,
V2341-2 appeared to express slightly lower levels of these viral

April 2014 Volume 88 Number 8

proteins than 5R [Fig. 6B and C, SQV(—)]. This small decrease in
Gag/Gag-Pol expression levels may be consistent with the similar
difference observed for the viral replication kinetics of 5R and
V2341-2 (Fig. 5A). The variations in Pr55°8 and Pr160°°6°! ex-
pression levels in the presence of SQV appeared to be smaller than
those obtained by Western blotting analyses [Fig. 6B and C,
SQV(+)]. This may have been due to the weak recognition of
Pr559°8 and Pr160“*¢"*! by the antibodies used. The results de-

scribed above show that the alteration in the virion production/ -

replication potential of V2341 codon variants is in parallel with the
increase or decrease in Gag/Gag-Pol expression levels.

Viral replication capability can be altered by natural varia-
tions in the sequences of the 3’ region of the HIV-1 pol gene. As
observed for V234I codon variants, single-nucleotide changes re-
sulted in alterations in virion production/replication potential
through the modulation of Gag/Gag-Pol expression levels, which
indicated the importance of the nucleotide sequence in the
Pol4889-4923 region (Fig. 5 and 6). Recent studies revealed that a
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FIG 3 Effect of various amino acid substitutions at the N222 (A), F223 (B), D229 (C), and V234 (D) sites in the Pol4889-4923 region on virion production and
replication kinetics. Details of the substitution for each mutant are shown in Table 1. Left panels, virion production. M8166 cells were cotransfected with the
indicated env-deficient proviral clones and a luciferase reporter vector (pGL3) by using a Nucleofector. Virion amounts in the culture supernatants on day 2
posttransfection were measured. The amount of p24 was normalized by luciferase activity in cell lysates. The amount of p24 relative to that produced by 5R is
presented. Mean values = SD from at least two independent experiments are shown. Results for N222K, F223Y, D229E, and V2341 shown in Fig. 2D (underlined)
are incorporated into each panel for an easy comparison. *, under the detection limit. Right panels, viral replication kinetics. Viruses were prepared from
transfected 293T cells, and equal amounts were inoculated into M8166 cells. Virus replication was monitored by RT activity released into the culture superna-
tants. Data in panels A and D were obtained from the same experiment, and the same result for 5R is shown separately in panels A and D as a control.
Representative data from three independent experiments are shown.
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FIG 4 Effect of various amino acid substitutions at the F223 site on the early viral replication phases. (A) Single-cycle viral infectivity. VSV-G-pseudotyped
viruses were prepared from transfected 293T cells, and equal amounts were inoculated into M8166 cells. Cells were collected and lysed on day 1 postinfection for
luciferase assays. Infectivity is presented as luciferase activity relative to that exhibited by 5R. Mean values * SD from at least four independent experiments are
shown. *, mean values are <0.1%. (B and C) Monitoring viral cDNA synthesis. VSV-G-pseudotyped viruses from transfected 293T cells were treated with DNase
I, and equal amounts were inoculated into M8166 cells. Total DNA was extracted from infected cells on day 1 postinfection and subjected to real-time
quantitative PCR analyses with primer pairs specific for the late (B) and integrated (C) forms of viral cDNA. The DNA copy number relative to that of 5R is
presented. Mean values = SD from at least four independent experiments are shown.

naturally occurring synonymous polymorphism in some genes
can influence the expression levels, structures, and functions of
their encoded proteins (42—44). In addition, the IN CTD sequence
is more heterogenous than those of the other IN domains (15, 17,
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FIG 5 Effect of codon alterations at N222K, F223Y, D229E, and V234I sites on
different stages of viral replication. N222K-2, F223Y-2, D229E-2, V234I-2, and
V2341-3 indicate mutant clones containing an altered codon. The codon used for
each mutant is shown in Table 1. (A) Viral replication kinetics. Input viruses were
prepared from transfected 293T cells, and equal amounts were inoculated into
MB8166 cells. Virus replication was monitored by RT activity released into the
culture supernatants. Representative data from at least two independent experi-
ments are shown. (B) Single-cycle viral infectivity. VSV-G-pseudotyped viruses
were prepared from transfected 293T cells, and equal amounts were inoculated
into M8166 cells. Cell lysates were prepared on day 1 postinfection and subjected
to luciferase assays. Infectivity is presented as luciferase activity relative to that
exhibited by 5R. Mean values = SD from at least three independent experiments
are shown. (C) Virion production. M8166 cells were cotransfected with the indi-
cated env-deficient proviral clones and a luciferase reporter vector (pGL3) by using
a Nucleofector. Virion production on day 2 posttransfection was measured by the
amount of p24 in the culture supernatants. The amount of p24 was normalized by
luciferase activity in cell lysates. The amount of p24 relative to that produced by 5R
is presented. Mean values * SD from at least three independent experiments are
shown. Significance relative to 5R as calculated by the Student £ test is shown (¥,
P < 0.01;**, P < 0.05; **, P < 0.1).
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19). To clarify the significance of the nucleotide sequence in the
Pol4889-4923 region for viral replication, we examined HIV-1
sequences within the region obtained from the HIV Sequence
Compendium (Los Alamos National Laboratory, NM, USA). As
shown in Table 2, while viruses carrying F223Y or D229E, which
we identified as growth-enhancing mutations, were not found,
those with N222K or V2341 were present. We noted that codon
variants with distinct growth abilities, V2341 (ATT) and V2341-2
(ATC), coexisted in a viral population with different frequencies
(Table 2). This suggested that there may be natural variants of
HIV-1 with distinct replication potentials. Moreover, a sequence
comparison in the Pol4889-4923 region revealed the presence of
natural synonymous variations for parental clone 5R-encoded
amino acid residues, even though the frequency was lower than
that of 5R (Table 2). Thus, we examined whether viral replication
can be affected by natural synonymous changes at the sites of
adaptive mutations (N222, F223, D229, and V234) as well as other
sites (V225, Y226, and P233) within the Pol4889-4923 region. The
viral growth kinetics of 5R and its natural variants at adaptive
mutation sites (N222aac, F223ttc, D229gat, and V234gtg) were
determined in human MT4/CCR5 cells (Fig. 7A and Table 2).
While N222aac and F223ttc exhibited growth kinetics similar or
slightly better than those of 5R, the viral replication potentials of
D229gat and V234gtg was markedly higher and lower, respec-
tively, than that of 5R (Fig. 7A and Table 2). We next determined
the viral growth kinetics of additional natural synonymous vari-
ants (V225gtc, Y226tac, and P233cct/ccc/ccg). Alterations in the
viral replication potentials of these clones were evident: the viral
replication kinetics of V225gtc were similar to those of 5R,
whereas growth ability was higher for Y226tac and lower for
P233cct/cec/ccg than for 5R (Fig. 7B and Table 2). On the other
hand, the genome structure of 5R is different from that of natural
human-tropic HIV-1 due to the change of the cyclophilin A-bind-
ing loop-coding region in gag and of an entire vif to the corre-
sponding regions of SIVmac239 (34). Thus, we determined
whether these natural synonymous variations also affect the viral
replication of human-tropic HIV-1 (NL4-3 clone). The viral
growth potential of NL4-3 was altered similarly as that of 5R by
natural synonymous changes: the replication abilities of D229gat
and Y226tac were higher than that of NL4-3, and those of V234gtg
and P233cct/ccc/ccg were lower than that of NL4-3 (Fig. 7C and
D). We conclude from these results that natural variations (single-
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FIG 6 Effect of codon alterations at the V234 site on intracellular viral protein expression. (A) Expression levels of Gag-p24 and Pol-RT as determined by ELISA.
293T cells were transfected with the indicated proviral clones, and on day 2 posttransfection, lysates were prepared from transfected cells for the analysis of
Gag-p24 and Pol-RT. The amounts of Gag-p24 and Pol-RT relative to those expressed by 5R are presented. Mean values = SD from three independent
experiments are shown. (B) Expression pattern of viral proteins as analyzed by Western blotting. 293T cells were transfected with the indicated proviral clones
in the absence (—) or presence (+) of 2 uM SQV. Cell lysates were prepared from transfected cells on day 1 posttransfection, and analyzed by Western blotting
using anti-p24 (upper panels), anti-RT (middle panels), and anti-B-actin (lower panels) antibodies. The migration positions of mass standards are indicated on
the right. Representative data from two independent transfection experiments are shown. Control, pUC19. (C) Quantitative analysis of the Western blot. Signal
intensities of viral proteins were quantitated, and the intensities relative to those with 5R proteins are shown. Mean values * SD obtained from the two
independent transfection experiments in panel B are indicated. NA, not applicable.

nucleotide synonymous mutations) in the 3’ region of the HIV-1
pol gene (nt 4889 to 4923 for 5R and nt 4895 to 4929 for NL4-3)
can alter viral replication potential.

Natural synonymous changes influence the expression levels
of intracellular viral proteins (Gag, Gag-Pol, Vpu, and Env) but
not those of Nef and Rev. Gag/Gag-Pol expression levels in V2341
codon variants varied correlatively with their virion production/
replication abilities (Fig. 5 and 6). Env, in addition to Gag/Gag-
Pol, is of course required for infectious virion formation. HIV-1-
encoded proteins are translated from distinct viral mRNA species,
and the regulation of gene expression is different for early tran-
scripts (completely spliced form) and late transcripts (singly
spliced and unspliced forms). To investigate further the virologi-
cal effect of single-nucleotide natural variations, we determined
the expression levels of products from various mRNA species: Gag

4152 jviasm.org

and Gag-Pol from the unspliced form, Vpu and Env from the
singly spliced form, and Nef and Rev from the completely spliced
form. Proviral clones (5R, Y226tac, D229gat, P233ccc, V2341, and
V234gtg) were transfected into 293T cells, and cell lysates pre-
pared on day 1 posttransfection were analyzed by Western blot-
ting. Although V2341 was not a synonymous change in the
Pol4889-4923 region, this clone was included in this analysis be-
cause V234l is a single-nucleotide natural variant of V234 in 5R,
and its virion production/replication ability was increased or de-
creased by single-nucleotide substitutions at this position (Table
2). As shown in Fig. 8A, we confirmed that virion production
levels in transfected 293T cells correlated with viral replication
potential (Fig. 2, 7, and 8A) (upregulated, Y226tac, D229gat, and
V234I; downregulated, P233ccc and V234gtg). We then examined
the intracellular expression level of each viral protein (Fig. 8B).
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TABLE 2 Amino acid/codon frequency in the 3’ region of the pol gene (nt 4889 to 4923 for 5R and nt 4895 to 4929 for NL4-3) of HIV-1/SIVcpz®

Amino acid position Amino acid frequency? Codon frequency”
inIN Amino acid No. % Codon No. % Growth®
222 N4 179 91.3 AAT? 175 89.3 ++
AAC 4 2.0 ++/+++
K® 14 7.1 AAA® 14 7.1 +++
Q 2 1.0 CAA 2 1.0 ND/
D 1 0.5 GAT 1 0.5 ND
223 i 196 100.0 TTT 183 93.4 ++
TTC 13 6.6 ++/+++
Y° 0 0.0 TAT® 0 0.0 +++
225 v 195 99.5 GTT? 175 89.3 ++
GTC 20 10.2 ++
L 1 0.5 CTT 1 0.5 ND
226 v 194 99.0 TAT? 193 98.5 ++
TAC 1 0.5 +++
F 1 0.5 TTT 1 0.5 ND
H 1 0.5 CAT 1 0.5 ND
229 D? 196 100.0 GAC? 194 99.0 ++
GAT 2 1.0 +++
E° 0 0.0 GAA® 0 0.0 ++4
233 P4 194 99.0 CCA? 135 68.9 ++
CCT 35 17.9 +
cce 23 11.7 +
CCG 1 0.5 +
S 1 0.5 TCA 1 0.5 ND
T 1 0.5 ACC 1 0.5 ND
234 ve 26 13.3 GTT¢ 25 12.8 ++
: GTG 1 0.5 +
I 128 65.3 ATT® 127 64.8 +++
ATC 1 0.5 +
L 40 20.4 CIT 39 19.9 ND
CTG 1 0.5 ND
S 1 0.5 AGC 1 0.5 ND
T 1 0.5 ACT 1 0.5 ND

“ For 196 sequences of HIV-1/SIVcpz complete genomes from the HIV Sequence Compendium, 2011 (Los Alamos National Laboratory; http://www.hiv.lanl.gov).

b Relative to 196 sequences of HIV-1/SIVcpz strains.

€ +++, replication peaked earlier or virus production levels on the peak day were higher than those of the parental clones; + +, replication kinetics were similar to those of the
parental clones; +, replication peaked later or virus production levels on the peak day were lower than those of the parental clones. Data were obtained in M8166 or MT4/CCR5

cells.

4 Amino acid encoded or codon usage in parental clones.

¢ Amino acid encoded or codon usage in adapted (growth-enhanced) viruses.
/ND, not done.

The intracellular expression levels of Gag, Gag-Pol, Vpu, and Env
varied among the clones tested and correlated with viral replica-
tion potential: clones with enhanced growth efficiencies expressed
higher levels of these proteins, and vice versa (¥ig. 2, 7, and 8B and
(). In contrast, the expression levels of Nef and Rev by all proviral
clones tested were similar to that of 5R, and they were constant for
all variants with different virion production/replication potentials
(Fig. 2, 7, and 8). Furthermore, Tat activity was determined by
cotransfection assays with 5R, its single-nucleotide variants, and
the SRLTR-Luc reporter construct. No significant difference in
the abilities of these proviral clones to trans-activate luciferase
gene expression was observed, which indicated that 5R and its
variants had similar Tat activity (Fig. 8D). These results suggest
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that single-nucleotide changes in the Pol4889-4923 region can al-
ter virion production/replication potential by modulating the ex-
pression levels of late (but not early) viral proteins.

Naturally occurring single-nucleotide variations change the
expression patterns of HIV-1 mRNA species. Naturally occur-
ring single-nucleotide mutations that alter the expression levels of
viral late proteins were Y226tac, D229gat, V234I, P233ccc, and
V234gtg (Fig. 8). We noted that these mutations clustered in the
region proximal to the splice acceptor Al (SA1) site (designated
SAlprox in Fig. 9A). To determine the mechanistic basis for the
altered phenotype, we analyzed the effect of single-nucleotide
changes on the profiles of viral mRNA expression. 293T cells were
transfected with parental clones (5R and NL4-3) or their mutants,
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FIG 7 Effect of single-nudeotide synonymous changes in the Pol4889-4923
region on viral replication potential. Viruses were prepared from transfected
293T cells, and equal amounts were inoculated into MT4/CCRS5 cells. Virus
replication was monitored by RT activity released into the culture superna-
tants. Representative data from two independent experiments are shown.

and DNase [-treated poly(A) " RNAs were prepared from total cell
RNAs at 10 to 20 h posttransfection. Northern blot analysis of
these samples using a probe (U probe) to detect all HIV-1 mRNA
species (Fig. 9B) was then performed (Fig. 9C). Because no signif-
icant difference in the RNA expression patterns for the samples of
each clone prepared at 10 and 20 h posttransfection was noted
(data not shown), we comparatively analyzed viral mRNAs in cells
at the latter time point. As shown in Fig. 9C, the expression levels
of viral late proteins did not directly correlate with the steady-state
levels of their respective transcripts (9 kb and 4 kb) (Fig. 8B and
9C, left panel). The total amounts of viral mRNAs, especially the
1.8-kb mRNA species, were lower for the clones with increased
viral late protein expression (Y226tac, D229gat, and V234I) than
for 5R and the other mutants (P233ccc and V234gtg). However,
single-nucleotide mutations always gave unique viral mRNA ex-
pression profiles. Several bands (*1 to *4 in Fig. 9C, left panel)
other than the three major viral RNA species (1.8 kb, 4 kb, and 9
kb) were more or equally intense for P233ccc and V234gtg, with
the poor expression of late proteins, and less intense for Y226tac,
D229gat, and V2341, with the high expression of late proteins,
than for 5R. Similar results, albeit to a lesser extent, were obtained
for NL4-3 and its mutants with higher or lower abilities to repli-
cate in cells (Fig. 9C, right panel). As such, viruses with a relatively
high replication ability in each group (5R and NL4-3) appeared to
be tuned up to have three major mRNA species. Northern blot
analysis using HeLa cells was performed to exclude the possibility
that the viral mRNA expression pattern described above was 293T
cell specific. Results similar to those in 293T cells were obtained
for 5R, NL4-3, and their mutants (D229gat and V234gtg) (data
not shown). Taken together, our results here show that single-
nucleotide changes in the SAlprox affect the expression patterns
of viral mRNA species and suggest that this transition may lead to
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the enhancement or reduction in viral late protein expression/
replication efficiency.

To identify the nature of transcripts detected as extra bands (*1
to *4) (Fig. 9C), we performed Northern blot analysis using RRE,
vif, and vpr probes (Fig. 9B). As expected, 9-kb transcripts but not
1.8-kb transcripts were detected by the RRE, vif, and vpr probes
(Fig. 9D). While all transcripts longer than 4 kb were detected by
the RRE probe, the vif and vpr probes recognized the species *1 to
*3 and *1 to *4, respectively. The *2 band was more intense with
the vpr probe than with the vif probe. Thus, the *1 species con-
tained the vif transcript (Fig. 9B), and the *2 band consisted
mainly of the vpr transcript (Fig. 9B). Transcripts *3 and *4 con-
tained the Vif/Vpr-coding region and Vpr-coding region, respec-
tively, without the RRE region.

Northern blot analysis revealed that the lower expression of
late proteins by 5R, P233ccc, and V234gtg was linked to the abun-
dance of transcripts, especially the *1 and *3 species. We hypoth-
esized that these abundant transcripts may disturb the expression
of late proteins. To test this possibility, we performed interference
assays by the cotransfection of D229gat and 5R/V234gtg (Fig. 10).
If the extra transcripts *1 and *3 interfere with translation from
transcripts corresponding to late proteins, the Gag-p24 expression
levels of D229gat would be proportionally decreased upon
cotransfection with increasing amounts of 5R or V234gtg. As
shown in Fig. 10 (top and middle panels), p24 expression levels
were increased in cells upon single transfection of D229gat, 5R, or
V234gtg with an increasing DNA amount, and marked differences
were observed between each clone (D229gat > 5R > V234gtg).
When a constant amount of D229gat and an increasing amount of
5R or V234gtg were cotransfected, p24 expression levels reflected
just the addition of the amount produced by each clone. Virion
production from cells correlated well with the intracellular p24
expression levels (data not shown). Cotransfection assays using
D229gat and the gag/gag-pol frameshift mutant of V234gtg (gtg-
Spe), which is incapable of producing p24, were performed to
confirm this result. As is clearly observed in Fig. 10 (bottom
panel), the increase in the amount of the gtg-Spe clone did not
affect p24 expression levels produced from D229gat. Taken to-
gether, these results suggest that a large amount of transcripts
(especially the *1 and *3 species) in 5R and V234gtg clones does
not interfere with Gag-p24 expression and also that the single-
nucleotide changes in the SAlprox act on the expression of late
proteins in cis.

DISCUSSION

In this study, we demonstrated that four adaptive mutations in the
3’ region of the pol gene encoding IN upregulated the viral repli-
cation potential by increasing virion production levels without
any effects on the early replication phase (Fig. 2). Moreover, the
identification of V2341 codon variants that have different abilities
to produce virions and replicate in cells suggested regulation by
single-nucleotide changes (Fig. 5). A comparative investigation of
nucleotide sequences in the 3’ region of the pol gene (nt 4889 to
4923 for 5R and nt 4895 to 4929 for NL4-3) has revealed that these
variants naturally coexist in a viral population (Table 2). We show
here that naturally occurring synonymous changes (Y226tac,
D229gat, P233cct/cec/ccg, and V234gtg) can alter the viral repli-
cation potentials of HIV-1 5R and NL4-3 (Fig. 7 and Table 2).
The naturally occurring single-nucleotide variations that alter
viral replication potential clustered in the SAlprox (Fig. 9A).
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Expression of various viral proteins in transfected cells. 293T cells were transfected with the indicated proviral clones, and on day 1 posttransfection, cell lysates
were prepared for Western blotting using anti-Gag-p24, anti-RT, anti-Vpu, anti-Env-gp160, anti-Nef, anti-Rev, and anti-B-actin antibodies. The migration
positions of mass standards are indicated on the right. Representative data from two independent transfection experiments are shown. Control, pUC19; tac,
Y226tac; gat, D229gat; ccc, P233ccg; VI, V2341 gtg, V234gtg. (C) Quantitative analysis of the Western blot. Signal intensities of viral proteins were quantitated,
and the intensities relative to those for 5R proteins are shown. Mean values * SD obtained from the two independent transfection experiments in panel B are
indicated. NA, not applicable. (D) Analysis of Tat activity. 293T cells were cotransfected with the indicated proviral clones and an LTR-driven luciferase reporter
clone, and on day 1 posttransfection, cell lysates were prepared for luciferase assays. Luciferase activity relative to that exhibited by 5R is presented. Mean values +
SD from three independent experiments are shown. NC, negative control (basal luciferase activity of the LTR-driven luciferase reporter clone in the absence of
proviral clones).
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FIG 9 Effect of single-nucleotide changes on viral mRNA expression. (A) Nucleotide and amino acid sequences in the 3’ region of the pol gene. Nucleotides 4882
t0 4942 correspond to the NL4-3 sequence (35) (GenBank accession no. AF324493). Black and gray bold letters in the nucleotide sequence show the sites at which
the single-nucleotide substitution promoted or decreased viral replication efficiency, respectively. Bold letters in the amino acid sequence represent adaptive
mutation sites. The SAlprox (this study), SA1 site (3, 4), ESE-Vif (27), ESE-M1 (28), and SLSA1 region (45) are as indicated. Numbers and underlines show the
positions of amino acids in IN and their codons, respectively. (B) Schematic presentation of the 5R genome organization and various HIV-1 mRNA species. The
genome structure of 5R is shown as in Fig. 1. Gray bars represent the regions used as probes for Northern blot analyses. The P0/4889-4923 region is also indicated.
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FIG 10 Expression level of Gag-p24 in singly or doubly transfected cells. 293T
cells were transfected with proviral clones as indicated, and on day 1 posttrans-
fection, Gag-p24 expression level in cell lysates was determined. The amount
of p24 relative to that produced upon transfection with 0.2 ug of the D229gat
(gat) clone is presented. Mean values * SD from three independent experi-
ments are shown. gat, D229gat; gtg, V234gtg; gtg-Spe, a frameshift mutant of
V234gtg.

These mutations were identified by both viral adaptation experi-
ments (32) and comparative analysis of numerous HIV-1/SIVcpz
genomes (Table 2). These findings suggest that the nucleotide se-
quence in the SAlprox may be involved in the viral adaptation/

Alteration in HIV-1 Growth by Nucleotide Changes

evolution process. Recent RNA structure analysis has shown that
the nucleotide sequence proximal to SA1 within the HIV-1 ge-
nome forms a stem-loop structure (45, 46). Moreover, Pollom et
al. reported that this stem-loop structure, designated “SLSA1,”
was conserved between HIV-1 NL4-3 and SIVmac239, suggesting
the virological importance of the SLSA1 structure (45). Interest-
ingly, all single-nucleotide mutations analyzed in Fig. 8 and 9 were
mapped onto the SLSA1 sequence (at positions 4901 to 4942 in
Fig. 9A). The emergence of novel mutations within this region
may be limited due to its effect on IN functions, SA1 functions,
and the SLSAL1 structure. This may explain the low frequency of
single-nucleotide mutations that alter viral replication efficiencies
among HIV-1 genomes (Table 2). Nevertheless, the presence of
such single-nucleotide variations in SLSA1 represents the plastic-
ity of viruses with the ability to adapt themselves under various
constraints. Our results on the replication-altering mutations
within SLSA1 may also be useful for analyzing changes in the RNA
sequence/structure and their effects on viral replication. Because
the SLSA1 structure is conserved between HIV-1 NL4-3 and SIV-
mac239, it is of interest to determine whether naturally occurring
single-nucleotide synonymous mutations in this region affect the
replication efficiency of SIVmac239 and its closely related primate
lentiviruses.

The change in virion production/replication ability was re-
flected in the expression levels of viral late proteins (Gag, Gag-Pol,
Vpu, and Env) but not in those of the early proteins (Nefand Rev)
(Fig. 7 and 8). However, a direct positive correlation between the
steady-state levels of viral mRNAs and their corresponding late
proteins was not observed (Fig. 8 and 9). More viral RNAs and a
large number of viral RNA species were synthesized in cells pro-
ducing low expressors of viral late proteins (5R, P233ccc, and
V234gtg) than in those producing high expressors (Y226tac,
D229gat, and V2341). This may imply that the expression level of
mRNAs directed by high expressors is necessary and sufficient for
the efficient expression of viral proteins and optimal viral replica-
tion. We initially assumed that various kinds of viral transcripts by
low expressors may hinder the efficient translation of viral late
proteins. However, interference assays between variants (Fig. 10)
showed that this prediction may not be accurate. Moreover, no
significant difference in the Tat activity of 5R and its variants was
observed (Fig. 8D). Therefore, it is reasonable to assume that sin-
gle-nucleotide changes in the SAlprox act in cis and may influence
splicing, mRNA stability, mRNA transport, and/or translation ef-
ficiency from mRNAs.

The abundance of the vif transcript (species *1 in Fig. 9C and
D) observed for 5R and low expressors (P233ccc and V234gtg)
suggests enhanced splicing at the SA1 site. On one hand, a com-
bination of two synonymous mutations in SLSA1 that changes its
RNA structure was reported to affect splicing at the SA3 site down-
stream of SA1 but not that at the SA1 site, showing long-range
RNA interactions and cross talk between splicing sites (45). This
may explain variations in the expression levels of transcripts (the

RRE, Rev-responsive element; U, universal. (C and D) Steady-state expression levels of HIV-1 mRNA species. Total RNA was prepared from 293T cells
transfected with the indicated proviral clones, and poly(A)* RNA was selected. After the DNase I treatment, samples were subjected to Northern blot analysis
using the indicated probe. GAPDH was used as an internal standard. Three major species of viral mRNA (~9 kb, ~4 kb, and ~1.8 kb) are shown by arrowheads.
The other extra bands *1 to *4 are indicated by arrows. RNA size markers (8 kb, 4 kb, and 2 kb) are on the left. Representative data from four independent
experiments (C, left panel [5R and its mutants]) and from two independent experiments (C, right panel [NL4-3 and its mutants] and D) are shown. Control,

pUC19; tac, Y226tac; gat, D229gat; ccc, P233ccc; VI, V234]; gtg, V234gtg.
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*3, %4, and 1.8-kb species) among 5R/low expressors and high
expressors. Since these transcripts do not contain the RRE region,
it is clear that they are generated via splicing downstream of SA1.
The abundance of these transcripts (*3, *4, and 1.8-kb species) for
5R and low expressors may also imply that the overall splicing
efficiency of these clones is higher than that of high expressors.
Efficient splicing at SA sites may compete with Rev function, and
equilibrium between the strength of splicing acceptors and Rev
function for the nuclear export of Rev-dependent mRNAs is im-
portant for virus replication (28). Thus, increased splicing for 5R
and low expressors may obstruct the function of Rev, which re-
sults in a decrease in the Rev-dependent expression of late proteins
from RRE-containing transcripts. On the other hand, while the
amounts of 1.8-kb mRNAs of 5R and low expressors were larger
than those of high expressors, the expression levels of viral early
proteins were similar among 5R and its variants. A high concen-
tration of Rev was previously shown to inhibit the translation
from various RNAs (47). It is possible that the expression of viral
early proteins may be regulated at an optimal level for viral repli-
cation. Alternatively, the translation efficiency of ~40 mRNA iso-
forms synthesized by alternative splicing events may vary due to
differences in their noncoding sequences and/or structures. Viral
mRNA species within 1.8-kb and 4-kb RINAs were shown to be
altered by mutations that change splicing efficiency at SA1 or the
structure of SLSA1 (27, 45, 48). Viral mRNA isoforms with a low
translation efficiency, even if present in abundance, may not ex-
press a high level of their corresponding proteins.

vif mRNA expression is strongly influenced by splicing effi-
clency at the SA1 site. The regulation of splicing at SA1 is compli-
cated and is determined by various elements, including three dif-
ferent exonic splicing enhancers (ESE-Vif and ESE-M1 [Fig. 9A]
and ESE-M2 [nt 4956 to 4962 in NL4-3]), a suboptimal D2 splic-
ing site (nt 4960 to 4970 in NL4-3), a GGGG silencer (nt 4968 to
4971 in NL4-3), and a G run (G,,-1, nt 5034 to 5038 in NL4-3),
which are located within the region from SA1 to just upstream of
the vif start codon (nt 5041 in NL4-3) (27, 28, 48). The proviral
clone 5R was constructed by introducing SIVmac239 vif into the
downstream region of the pol open reading frame in the NL4-3
genome (Fig. | and 9B) (34). Asaresult, while the poland vif genes
of NL4-3 partially overlap, those of 5R do not. Since splicing effi-
ciency is dependent on the sequence around the splice sites and
their distance from the regulatory elements, the insertion of SIV-
mac239 vif into NL4-3 may have changed the splicing event at
SAl.Indeed, 5R produced abundant amounts of the vif transcript
(the *1 species in Fig. 9). The increase in vif mRNA was previously
shown to decrease virion production, and the proportion between
unspliced and spliced mRNAs has been suggested to be important
for virion production (27). In agreement with this finding, we
found that the virion production level from 293T cells transfected
with 5R was lower than that from cells transfected with NL4-3
(data not shown). The decrease in vif transcript (*1 species) ex-
pression for high expressors may have caused the increase in vi-
rion production.

The splicing balance of viral mRNAs has been suggested to
have biologically significant effects on viral replication (4, 9-11).
Accumulating evidence has shown that HIV-1 gene expression
processes, composed of transcription, poly(A) tailing, splicing,
mRNA export, and subsequent translation, are mutually affected
and coupled, even though these processes are biochemically dis-
tinguished (1, 2, 49). In addition, various elements within the

4158 jviasm.org

HIV-1 genome and a number of virus/host factors have been
shown to be involved in HIV-1 gene expression (3, 4, 9-11, 25-30,
50-55). The virological importance of the nucleotide sequence in
the SAlprox is evident from the increase or decrease in viral rep-
lication caused by naturally occurring single-nucleotide changes.
Further studies are needed to elucidate the molecular mechanism
underlying the modulation of overall HIV-1 gene expression gen-
erated by single-nucleotide changes in the SAlprox.
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