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A B S T R A C T

The matrix (MA) domain of HIV-1 Gag directs membrane binding of the Gag precursor polyprotein during the
late events of virus replication. However, the effects of alteration in Gag membrane binding early post-infection
are not well understood. To investigate impacts of MA mutations that alter Gag membrane binding on the
phenotypes of newly produced virus particles, we extensively characterized two MA mutants by virological,
biochemical, and morphological approaches. The V6R mutation, which decreases Gag membrane binding,
modified Gag processing and core morphogenesis and impaired core uncoating, reverse transcription, and viral
DNA integration. On the other hand, the L20K mutation, which increases Gag membrane binding, primarily
decreased integrated DNA levels without affecting the viral components and morphology. These data suggest
that HIV-1 MA plays roles in functional core formation and the following post-entry steps of the virus replication
cycle. (140/150 words).

1. Introduction

HIV-1 Gag plays important roles in the replication cycle of the virus.
Gag is expressed as a 55 kDa polyprotein (Pr55Gag), consisting of four
domains, namely, matrix (MA), capsid (CA), nucleocapsid (NC), and p6,
and of two short spacer peptides, SP1 and SP2 (Freed, 2015; Lingappa
et al., 2014). Several lines of evidence indicate that HIV-1 MA has
important roles in late events of the HIV-1 replication cycle. The MA
domain has been reported to be associated with Pr55Gag membrane
binding (Ono and Freed, 1999) and targeting to the plasma membrane
in the infected cells (Ono et al., 2000) and incorporation of the Env
glycoprotein into virus particles (Tedbury et al., 2015, 2016). Although
the detailed structure of full-length Pr55Gag is still unknown, MA is
thought to fold into a highly globular structure and form a trimer-of-
hexamer complex within virions (Hill et al., 1996; Massiah et al., 1994;
Alfadhli et al., 2009; Tedbury et al., 2016). It has been shown that a
highly basic region at the top of MA interacts electrostatically with
negatively charged lipids on the inner leaflet of the plasma membrane
(Dalton et al., 2007), in particular phosphatidylinositol-(4,5)-bispho-
sphate [PI(4,5)P2] (Ono et al., 2004; Saad et al., 2006). The N-terminus

of MA, which is co-translationally modified with a covalently attached
myristate moiety, is essential for interaction between Gag and the
plasma membrane (Saad et al., 2006; Tang et al., 2004). NMR and
biochemical studies indicate that mutations near the N-terminus of MA,
such as V6R or L7A, caused structural changes in the N-terminus of MA
that resulted in sequestering the myristate moiety and impairing
membrane binding of Pr55Gag (Freed et al., 1994; Ono et al., 1997; Ono
and Freed, 1999; Saad et al., 2007).

After membrane binding, Gag multimerizes via the CA domain. The
CA-CA interaction is the driving force to assemble and release the im-
mature virions from the infected cells (Robinson et al., 2014; Tanaka
et al., 2016). During or shortly after budding, the viral protease cleaves
Gag in an ordered cascade (Konvalinka et al., 2015), leading to struc-
tural rearrangement of the viral Gag proteins to form the mature in-
fectious particle. Although the mechanism of formation of the mature
HIV-1 core is still under investigation, three models have been pro-
posed: 1) the disassembly/reassembly model in which free CA
monomer produced by cleavage by the viral protease reassembles to
form conical cores de novo (Briggs et al., 2009; Woodward et al., 2015);
2) the displacive model in which the viral protease induces a sterical
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transition of CA layers to form conical cores (Frank et al., 2015); and 3)
a combination of disassembly/reassembly and displacive models (Ning
et al., 2016). Ning et al. and Woodward et al. imply that the viral en-
velope membrane, the ribonucleoprotein complex and MA guide the
growth of conical cores. These models raise the possibility that the
membrane binding ability of HIV-1 Gag, which is regulated by MA,
influences the formation of the mature cores.

Several studies suggest that HIV-1 MA plays important roles in not
only the late stages but also the early stages of the virus replication
cycle. A couple of reports have shown that MA is associated with the
reverse transcription complex (RTC) or preintegration complex (PIC)
(Bukrinsky et al., 1993; Miller et al., 1997). In addition, the L20K
mutation in the highly basic patch of MA, which increases membrane
binding of Gag, causes defects in single-cycle infectivity and en-
dogenous reverse transcription (ERT) activity without affecting virus
morphology (Kiernan et al., 1998). These observations raise the possi-
bility that MA mutations, which alter Gag membrane binding, affect
post-entry steps of the HIV-1 replication cycle. However, effects of the
MA mutations on core morphogenesis and details of the post-entry
process remain to be fully understood largely because experimental
techniques to examine these issues were not available at that time.

To obtain insights into the impact of MA mutations that alter Gag
membrane binding on the properties of newly produced HIV-1 parti-
cles, we extensively characterized two previously reported MA mutants,
V6R (Freed et al., 1994) and L20K (Kiernan et al., 1998), along with the
V6R revertant V6R/K97E (Ono et al., 1997). To analyze the late events
of the HIV-1 replication cycle, we examined virus production, Gag
processing, vRNA encapsidation into virions, morphology of the virus
particles and mature cores, and endogenous reverse transcription in the
virions. To investigate the early events, we measured the infectivity of
produced virions, viral cDNA synthesis in late reverse transcription,
nuclear import, and integration processes as well as in situ uncoating in
the virus-infected cells. The L20K mutation decreased integrated DNA
in the infected cells without showing effect on the morphology of virus
particles or mature cores. On the other hand, the V6R mutation caused
the formation of mature cores that were larger than those of the WT,
and accelerated the kinetics of uncoating and impaired reverse tran-
scription and integration in the next round of infection. These data
suggest that HIV-1 MA may modulate the structural rearrangement of
viral cores after Gag processing and the post-entry steps in the virus
replication cycle through its membrane binding ability.

2. Materials and Methods

2.1. Cells

HEK293T and TZM-bl cells (Derdeyn et al., 2000; Platt et al., 2009,
1998; Takeuchi et al., 2008; Wei et al., 2002) were maintained in
Dulbeccos’ modified Eagle medium (DMEM) containing 10% FBS. HeLa
cells were maintained in DMEM containing 5% FBS. H9/H1luc cells
(Nagao et al., 2004) and Jurkat cells were maintained in RPMI1640
containing 10% FBS.

2.2. Preparation of VSV-G pseudotyped viruses

HEK293T cells were plated (7.0× 106 cells) on a T-75 cm2
flask in

15ml of the medium. Following a day, 10 μg of pNL-Nh (Sakuragi et al.,
2003) or MA mutant plasmids (V6R/K97E and L20K) and 2 μg of
pHCMV-G (Yee et al., 1994) were transfected into the cells by the
calcium phosphate precipitation methods (Ohishi et al., 2007). For V6R
mutant, 10 μg of pNL-Nh V6R and 1 μg of pHCMV-G were transfected
into the cells. 6 h after transfection, the supernatant was replaced with
fresh medium twice. 26 h after transfection, the culture supernatant was
harvested and clarified through 0.45-μm-pore filter (Millipore). Fol-
lowing clarification, the culture supernatant was overlaid 20% sucrose/
PBS (v/v) and centrifuge at 4 °C at 35,000 rpm for 1 h 30min using

SW41Ti roter. The pellets were resuspended in PBS and aliquots of the
viral stocks were stored at −80 °C. The p24 antigen contents were
determined by using HIV-1 p24 antigen enzyme-linked immunosorbent
assay (ELISA) kit (Zeptometrix) according to manufacturer's instruc-
tions. The incorporation of VSV-G into the virus was confirmed by
Western blot analysis using anti-VSV-G mAb (SIGMA).

2.3. Preparation of NL4-3 and MA mutant viruses

HEK293T cells were plated (7.0× 106 cells) on a T-75 cm2
flask in

15ml of the medium. Following a day, 10 μg of pNL4-3 (Adachi et al.,
1986) or MA mutant plasmids (V6R, L7E, S8A, V6R/K97E and L20K)
(Freed et al., 1994; Kiernan et al., 1998; Ono et al., 1997; Ono and
Freed, 1999) into the cells by the calcium phosphate precipitation
methods. 6 h after transfection, the supernatant was replaced with fresh
medium. 48 h after transfection, the culture supernatant was harvested
and clarified through 0.45-μm-pore filter (Millipore). Following clar-
ification, the culture supernatant was overlaid 20% sucrose/PBS (v/v)
and centrifuge at 4 °C at 35,000 rpm for 1 h 30min using SW41Ti roter.
The pellets were resuspended in 5× sample buffer (300mM Tris-HCl
pH 6.8, 10% SDS, 500mM DTT and 50% glycerol) or PBS and per-
formed Western blot analysis and natural endogenous assay.

2.4. Single-round infection assay

TZM-bl cells were plated in 96-well plates at 1.0× 104 cells per well
in a volume of 100 μl a day before infection. The cells were infected
with serial diluted VSV-G pseudotyped viruses (0.01–2.5 ng/well). For
H9/H1luc cells, the cells were plated in 96 well plates at 6.0× 104 cells
per well in a volume of 100 μl and infected with serial diluted VSV-G
pseudotyped viruses (0.01–2.5 ng/well). 48 h after infection, luciferase
activity was measured using the Steady-Glo Luciferase Assay system
(Promega). Luminescence was detected using a Veritas Microplate
Luminometer (Promega).

2.5. Viral infection and DNA isolation

Prior to infection, VSV-G pseudotyped viruses were treated with
100U of DNase I (Takara) at 37 °C for 40min. For HeLa cells,
2.4× 105 cells were exposed with DNase I-treated VSV-G pseudotyped
viruses containing 11.5 ng of p24 and placed at 4 °C for 30min as
synchronization of entry. Following synchronization, the cells were
incubated at 37 °C for 3, 6, 9, 24, 48, 72 h. For Jurkat cells,
1.0× 106 cells were exposed with DNase I-treated VSV-G pseudotyped
viruses containing 50 ng of p24 and placed at 4 °C for 30min. Following
synchronization, the cells were incubated at 37 °C for 3, 6, 9, 24, 48 h.
At the indicated times, total DNA was extracted from the infected cells
using QIAmp DNA blood mini kit (Qiagen) and measured viral DNA by
Realtime PCR analysis. As a negative control, VSV-G pseudotyped
viruses were heat-inactivated at 65 °C for 30min.

2.6. Realtime PCR

Realtime PCR was performed with Opticon2 (Biorad) and ABsolute
QPCR mix (Thermo scientific). The cycling conditions were as follows:
an initial denature step (95 °C、15min) and 40 cycles of denature steps
(95 °C, 15 s) and extension steps (60 °C, 1min). HIV-1 LTR-Gag/F (
5′-GAGATCCCTCAGACCCTTTTAGT-3′) and HIV-1 LTR-Gag/R (
5′-AGGACTCGGCTTGCTGAA-3′) and HIV-1 LTR-Gag/probe (
5′-FAM-AGTGTGGAAAATCTCTAGCAGTGGCGC-TAMRA-3′) were used
for detection of the U5/Gag region of late reverse transcription pro-
ducts. 2-LTR S (5′-CCCTCAGACCCTTTTAGTCAGTG-3′) and 2-LTR AS (
5′-TGGTGTGTAGTTCTGCCAATCA-3′) and 2-LTR-FAM probe (
5′-FAM-TGTGGATGCTACCACACACAAGGCTACTTCC-TAMRA-3′) were
used for detection of 2-LTR circles. huBG/F (5′-CCTGAAGTTCTCAGG
ATCCACG-3′) and huBG/R (5′-CAAGAAAGTGCTCGGTGCCTT-3′) and
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beta-globin/probe (5′-FAM-ACACTGAGTGTGCTGCACTGTGACAAG
CTG-TAMRA-3′) were used for detection of β-Globin. For normal-
ization, β-Globin signal was quantified and the data were shown as the
ratio of late RT products or 2-LTR to β-Globin. For quantification of
integrated DNA, nested PCR were performed with modifications.(Butler
et al., 2001; Hori et al., 2013; Suzuki et al., 2003). The 1st PCR were
carried out using PrimeSTAR HS DNA polymerase (Takara) with Alu-
HIV (5′-TCCCAGCTACTCGGGAGGCTGAGG-3′) and M661 (5′-CCTGCG
TCGAGAGATCTCCTCTG-3′). The cycling conditions of 1st PCR were as
follows: an initial denature step (98 °C, 10 s), 22 cycles of denature steps
(98 °C, 5 s) and extension steps (72 °C, 10 min). The 1st PCR product
was diluted 10-fold and used as template for measuring R/U5 DNA
using M667 primer (5′-GGCTAACTAGGGAACCCACTGC-3′) and AA55
primer (CTGCTAGAGATTTTCCACACTGAC-3′) and HIV-FAM probe (
5′-FAM-TAGTGTGTGCCCGTCTGTTGTGTGAC-TAMRA-3′).

2.7. Realtime RT-PCR

Viral RNAs were extracted from DNase I-treated VSV-G pseudotyped
viruses containing 10 ng of p24 with NucleoSpin RNA Virus kit
(Takara). Realtime RT-PCR analysis was performed with Opticon2
(Biorad) as previously described (Ohishi et al., 2011). For detection of
viral RNA, TM-GagF (5′-GCAGCCATGCAAATGTTAAAAGAG-3′) and
TM-GagR (5′-TCCCCTTGGTTCTCTCATCTGG-3′) were applied with One
Step SYBR Prime Script PLUS RT-PCR kit (Takara). The cycling condi-
tion was as follow: a reverse transcription step (42 °C, 5min and 95 °C,
10 s) and 40 cycles of denature steps (95 °C, 5 s) and extension steps
(60 °C, 20 s).

2.8. Natural endogenous RT assay

Natural endogenous RT assay was performed with detergent-free
method with minor modifications (Thomas et al., 2011; Warrilow et al.,
2008). DNase I-treated viruses containing 10 ng of p24 were suspended
with PBS (−) and placed on ice. 10× ERT reaction solution (500mM
Tris-HCl (pH 8.0), 20mM MgCl2, 10mM DTT, and 250 μM of each
deoxynucleotides) were added into viral solution and placed on ice,
then incubated at 37 °C for 3 h. Following incubation, the samples were
placed on ice for 3min. Viral DNA was extracted with QIAmp DNA
blood mini kit (Qiagen) and measured R/U5 DNA by Realtime PCR
analysis. A dNTP-free sample and no-incubated sample were always
included.

2.9. Exogenous RT assay

Exogenous RT assay were performed with minor modification
(Willey et al., 1988). Briefly, purified NL4-3 and MA mutant viruses
were incubated with 6×RT cocktail (60mM Tris-HCl pH7.8, 75mM
KCl, 5 mM MgCl2, 0.1% Igepal CA-630, 1.0mM EDTA. 5 μg/ml poly A,
0.16 μg/ml oligo dT and 32P-dTTP) for 1 h 30min. Following incuba-
tion, the reaction solution was transferred to DEAE filtermats. The fil-
termats were washed with SSC buffer for 5min twice and 100% EtOH
once. Meltilex solid scintillator (PerkinElmer) were melted onto the
filtermats and RI activities were measured with Microbeta scintillation
counter (PerkinElmer). The data were shown as the ratio of RT activity
to p24.

2.10. In vitro core disassembly assay

In vitro disassembly assay was performed by a minor modification
of the spin-thru method (Aiken, 2009; Shah and Aiken, 2011). Briefly,
HEK293T cells were plated (7.0× 106 cells) on a T-75 cm2

flask in
15ml of the medium. Following a day, 10 μg of pNL4-3, MA mutant
plasmids (V6R, V6R/K97E, L7E, S8A and L20K) or CA mutant plasmids
(Q63A/Q67A, E128A/R132A and E45A) (Forshey et al., 2002; von
Schwedler et al., 2003) into the cells by the calcium phosphate

precipitation methods. 6 h after transfection, the supernatant was re-
placed with fresh medium. 48 h after transfection, the culture super-
natant was harvested and clarified through 0.45-μm-pore filter (Milli-
pore). Following clarification, the culture supernatant was overlaid
20% sucrose/PBS (v/v) and centrifuge at 4 °C at 32,000 rpm for 2 h
using SW32Ti roter. The pellet was resuspended with 1× STE buffer
(10mM Tris-HCl (pH7.5), 100mM NaCl, 1 mM EDTA). Virus suspen-
sion was overlaid 1.5% sucrose in STE buffer containing 1% Triton X-
100, which had been placed on top of a linear gradient of 30%–70%
sucrose in STE buffer. To prevent mixing virus suspension and detergent
layer, 7.5% sucrose/STE buffer was inserted between these layers.
Concentrated virus suspension was centrifuged at 4 °C at 35,000 rpm for
18 h using SW41Ti roter. Following centrifugation, the gradients are
fractionated from top of the gradient. The density of each fraction was
measured by refractometry and was subjected to SDS-PAGE and Wes-
tern blot analysis. The fraction containing cores (1.23–1.26 g/ml) di-
luted and incubated at 37 °C or 4 °C for 2 h. Following incubations, the
dilutions were centrifuge at 4 °C at 20,000×g for 1 h 30min. To de-
termine the core stability, pellet fractions were subjected to SDS-PAGE
and Western blot analysis.

2.11. Western blot analysis

The viral proteins were separated by SDS-PAGE and transferred to
polyvinylidene disulfide (PVDF) membranes (Millipore). Membranes
were probed with primary antibody at room temperature for 1 h, and
incubated for 30min with species-specific biotinylated secondary an-
tibody (GE healthcare). After incubation, the membranes were in-
cubated at room temperature for 30min. After washes, bands were
detected by LAS3000 mini (GE healthcare) using Amersham ECL
SELECT Western Blotting Detection Reagent (GE healthcare) or Lumi-
Light Western Blotting Substrate (Roche). p24 protein was detected
with Anti-HIV-1 serum obtained from the NIH AIDS Reagent program or
p24 monoclonal antibody (13-102-100: Advanced Biotechnologies
Inc.). p17 protein was detected with anti-p17 monoclonal antibody (13-
103-100: Advanced Biotechnologies Inc.). RT proteins were detected
with 7C4 monoclonal antibody (Chiba et al., 1996). IN was detected
with anti-HXB2 IN 1–16 aa polyclonal antibody obtained from the NIH
AIDS Reagent program (Bukrinsky et al., 1993; Grandgenett and
Goodarzi, 2008). CypA was detected with anti-CypA serum (Thermo
scientific).

2.12. In situ uncoating assay

The in situ uncoating assay was conducted as previously described
(Campbell et al., 2007; Kono et al., 2013; Yamashita et al., 2007).
Briefly, 2.2× 105 HeLa cells were infected with viral titers equivalent
to 100 ng of p24 of VSV-G-pseudotyped fluorescent labeled wild type
and mutant viruses with GFP-Vpr and S15-dTomato. the labeled virus
was generated by cotransfecting 9 μg NL-Nh mutant proviral plasmid,
4 μg S15-dTomato-expressing plasmid, 4 μg vesicular stomatitis virus G
protein (VSV-G)-expressing plasmid, and 1 μg GFP-Vpr expressing
plasmid into 5×106 of 293T cells using polyethylenimine (PEI) (mo-
lecular weight, 25,000; Polysciences). At 2 days posttransfection, cul-
ture media was collected and filtrated with 0.45 μm filter. Viral titers
were determined with the RETROtek antigen ELISA kit (ZeptoMetrix,
Buffalo, NY). HeLa cells in 24-well plate were spinoculated with the
labeled virus for 2 h at 16 °C in the presence or absence of bafilomycin A
(BAF) (Sigma). Virus-containing supernatant then was removed and
replaced with 37 °C medium in the presence or absence of BAF, shifted
to 37 °C, and fixed with 3.7% formaldehyde (Polysciences) in 0.1M
PIPES buffer (pH 6.8) at the indicated time point post-infection. The
fixed HeLa cells were permeabilized with blocking solution (PBS, 10%
normal donkey serum [Jackson ImmunoResearch Laboratories], 0.01%
Triton X-100, 0.01% NaN3) for 5min at room temperature, stained with
anti-p24 mAb AG3.0 (NIH AIDS Research and Reference Reagent
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Program) in blocking solution without Triton X-100 for 1 h at room
temperature for primary staining, and secondarily stained with labeled
Cy-5 donkey anti-mouse antibodies (Jackson ImmunoResearch La-
boratories) for 30min at room temperature. Images were collected and
deconvolved with an Eclipse TE2000-E inverted microscope and NIS-
Elements AR software (Nikon). Following deconvolution, images were
blinded for identity to remove bias during counting. The number of
GFP-positive virions was assessed at each time point, and each virion
was individually inspected for punctate dTomato fluorescent signal and
p24 Cy-5 signal.

2.13. Transmission electron microscopy (TEM)

Viral cores were isolated as previously described in Accola et al.
(2000). After ultracentrifugation, viral cores were reconstituted and
fixed with 0.1M phosphate buffer containing 1.3% glutaraldehyde.
These were absorbed onto Formvar-coated copper grids, and staining
uranyl acetate. The images were recorded with a JEM-1011 transmis-
sion electron microscopy (JEOL) and the lengths and widths of viral
cores were measured.

2.14. Statistical analysis

Statistical analyses were performed with Graphpad Prism version 5
(Graphpad software Inc.). Deference between WT and MA mutants were
examined by one-way analysis of variance (ANOVA) and Turkey-
Kramer's multiple-comparison test. Asterisk indicates P value (*: 0.01 to
0.05, **: 0.001 to 0.01, ***:< 0.001).

3. Results

3.1. The V6R and L20K MA mutations do not significantly affect the
composition of virus particles

Previous studies showed that a V6R mutation in HIV-1 MA impairs
virus production whereas a L20K mutant does not affect virus release in
HeLa cells (Freed et al., 1994; Kiernan et al., 1998; Ono et al., 1997).
We first examined the amounts of p24 CA antigen in the culture su-
pernatants of transfected 293T cells, and found that the V6R and L20K
mutants produced about a half or comparable levels of virus particles,
respectively compared with pNL4-3 (WT) (data not shown). The viral
protein composition in the cell and viral lysates was also examined by
Western blot analysis. Impaired or enhanced Pr55Gag processing was
observed for the V6R and L20K mutant, respectively (Fig. 1A) in cell
lysates. In contrast, Pol processing, indicated by the amounts of p66/
p51 (reverse transcriptase, RT), integrase (IN), and the incorporation of
the host protein cyclophilin A (CypA) in virions were not significantly
affected by the MA mutations (Fig. 1B). We also examined viral RNA
encapsidation and levels of virion-associated RT activity using real-time
RT-PCR and exogenous RT assay, respectively. The V6R, V6R/K97E (a
revertant for V6R) (Ono et al., 1997), and the L20K virions contained
WT levels of viral RNA and RT activity when they were normalized by
p24 CA antigen amount (Fig. 1C and D). These results indicate that the
V6R and L20K mutations in MA do not significantly affect viral protein
composition, genomic viral RNA and RT activity in virions.

3.2. Single-cycle infectivity assays of the MA mutants show a post-entry
defect(s) in the HIV-1 replication cycle

To determine whether an early phase in the HIV-1 replication cycle
is influenced by the V6R mutation, a single-cycle infectivity assay was
performed using TZM-bl cells as a target cell line. The results indicated
that the V6R mutation caused 5- to 10- fold reduction in virus in-
fectivity as did the L20K mutation as reported previously (Kiernan
et al., 1998) (data not shown), suggesting that both MA mutations af-
fect early steps of the virus replication cycle.

It is known that pseudotyping with an envelope protein of other
viruses, such as the vesicular stomatitis virus G glycoprotein (VSV-G),
enables some HIV-1 mutants to bypass early post-entry defects (Aiken,
1997). To investigate whether pseudotyping with VSV-G rescues the
defects caused by the MA mutations, we compared viral infectivity of
VSV-G pseudotyped MA mutants using TZM-bl cells and H9/H1luc cells
as targets. To normalize the efficiency of viral entry, we confirmed that
all of MA mutants contain comparable levels of VSV-G by Western blot
analysis before viral infection (data not shown). As previously reported
(Kiernan et al., 1998), the impaired infectivity of the L20K mutant was
not rescued by VSV-G pseudotyping in TZM-bl or H9/H1 cells (Fig. 2A
and B). The infectivity defect imposed by the V6R mutation was not
reversed by VSV-G pseudotyping in either cell types whereas the in-
fectivity of the V6R/K97E revertant was nearly comparable to that of
WT in TZM-bl and partially restored in H9/H1luc cells (Fig. 2A and B,
respectively). These results suggest that the V6R and L20K mutations
cause a defect(s) in the post-entry steps of the virus replication cycle
and that in the case of V6R a single-amino acid change can rescue the
defect by restoring Gag membrane binding (Ono and Freed, 1999).

3.3. V6R impairs HIV-1 cDNA synthesis and L20K reduces the levels of
integrated viral DNA

We next analyzed the impact of the MA mutations on the early
stages of HIV-1 replication using quantitative real-time PCR. HIV-1
cDNA including late reverse transcribed (late RT) viral cDNA products
and integrated form of proviral DNA were measured in HeLa cells in-
fected with VSV-G pseudotyped viruses. The V6R mutant exhibited a
minor defect in reverse transcription although the defect is not statis-
tically significant (Fig. 3A and C). Meanwhile, the level of integrated
proviral DNA for this mutant was significantly reduced compared with
WT (Fig. 3B and C). In the V6R/K97E revertant, these two defects were
mostly reversed. On the other hand, the L20K mutant exhibited com-
parable levels of the late RT viral cDNA synthesis relative to WT, but
showed a defect in the level of integrated proviral DNA (Fig. 3A, B and
3C). We next performed real-time PCR using a more physiologically
relevant cell type, Jurkat T-cell line. In Jurkat cells, the V6R mutation
significantly reduced RT efficiency, resulting in impaired levels of the
integrated form of the viral DNA (Fig. 3D, E and 3F). The V6R/K97E
reversed the defects imposed by the V6R mutation. As we observed in
HeLa cells, the L20K mutation did not affect levels of the late RT viral
cDNA, but reduced the level of the integrated form of the proviral DNA
(Fig. 3A, B and 3C). Importantly, the levels of the integrated form of the
viral DNA in HeLa and Jurkat cells correspond to the infectivities of the
MA mutants in TZM-bl cells and H9/H1 cells. Next, to investigate the
efficiency of nuclear import of the viral DNA, we measured the levels of
2-LTR circles, which are unproductive viral DNA forms in the nucleus of
the infected cells. Although the V6R mutant impaired RT efficiency, it
displayed about 200% of the WT 2-LTR circles level when 2-LTR circles
were normalized to the quantity of the late RT products (Fig. 4, closed
bars). Some reports indicate that defects in integration induce accu-
mulation of 2-LTR in the nucleus (J Buzón et al., 2010; Svarovskaia
et al., 2004). Thus, it is difficult to distinguish between the integration
defects and acceleration of nuclear import. To more directly quantify
the efficiency of nuclear import, we compared the levels of 2-LTR cir-
cles of the MA mutants in the presence or absence of an integrase in-
hibitor, raltegravir (RAL). In control experiments, the level of 2-LTR
circles detected with WT increased up to about 4-fold in the presence of
RAL (Fig. 4A). Under such experimental conditions, the levels of 2-LTR
circles of the MA mutants including V6R were comparable to those of
WT in the presence of RAL (Fig. 4), suggesting that the V6R mutation
does not affect the nuclear entry process. Collectively, these results
suggest that the V6R mutation in MA impairs both viral cDNA synthesis
and integration, thereby reducing the level of the proviral DNA in target
cells.
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3.4. The V6R mutation accelerates the kinetics of uncoating

Several lines of evidence suggest that HIV-1 reverse transcription
occurs before or during uncoating, and these two events are linked to
each other in the early steps of the virus replication cycle (Cosnefroy
et al., 2016; Forshey et al., 2002; Hulme et al., 2011; Rankovic et al.,
2017; Yang et al., 2013). Therefore, we next addressed the question
whether the MA mutations affect disassembly of the capsid core

complex in the target cell by performing in situ uncoating assays
(Campbell et al., 2007; Kono et al., 2013; Yamashita et al., 2007).
Briefly, HeLa cells were infected with VSV-G pseudotyped, fluorescently
labeled WT and MA mutants containing Vpr fused with green fluor-
escent protein (GFP-Vpr) and S15-dTomato. At various time points (0,
1, 2, and 4 h) after infection, the cells were fixed and immunostained
for p24 CA (Cy-5). Total number of complexes that entered and fused in
the cytoplasm (Vpr-GFP+, S15-dTomato-), the number of complexes

Fig. 1. Analysis of WT and CA mutant viral components in cell lysates and in virions. 293T cells were transfected with WT HIV-1 (NL4-3) or MA mutant viruses. (A)
Cell-associated proteins were probed with AIDS patient serum or anti-tubulin antibodies for Western blot analysis. (B) Normalized amounts of virions present in
culture supernatant were probed with anti-RT or anti-IN or a mixture of anti-p24 and anti-p17 or anti-CypA antibodies. The panel A and B images are the re-
presentative of results obtained from at least three independent experiments. (C) RNA was extracted from DNase I-treated virions and analyzed by quantitative RT-
PCR using primers specific for HIV-1 sequences. Results shown are the average of four independent experiments, with error bars representing standard deviations. (D)
Exogenous RT activities of virions were measured as described in “Materials and Methods” and normalized for p24 antigen amounts. Results shown are the average of
three independent experiments, with error bars representing standard deviations.

Fig. 2. Effect of HIV-1 MA mutations on viral in-
fectivity. Normalized amounts of VSV-G pesudotyped
WT HIV-1 (NL4-3) or MA mutant viruses were infected
in TZM-bl cells (A) or H9/H1luc cells (B). The cells
were harvested and subjected to determination of lu-
ciferase activities at 48 h postinfection. Results shown
are the average of at least four independent experi-
ments, with error bars representing standard devia-
tions. Values are significantly different as follows: *,
P = 0.01 to 0.05, **, P = 0.001 to 0.01, ***,
P < 0.001.
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containing CA (Vpr-GFP+, CA-Cy5+), and the number of complexes
lacking CA that lost CA staining (Vpr-GFP+, CA-Cy5-) were counted.
Bafilomycin A (BAF) was added to one sample as a negative control for
fusion. The data are presented at each time point as the percentage of
the coated particles in the total fused GFP + particles. The V6R mutant
showed accelerated kinetics of CA disassembly, whereas uncoating ki-
netics of V6R/K97E and L20K were similar to those of WT (Fig. 5).

3.5. The size of V6R viral cores is bigger than that of WT

Although the V6R mutation in MA does not significantly affect viral
components in virions, this mutation causes impaired reverse

transcription and accelerated uncoating in virus-infected cells.
Therefore, we then analyzed morphology of the MA mutant virions and
viral cores prepared by detergent treatment and isolation of the virions.
By transmission electron microscopy (TEM) analysis, we observed that
the two MA mutants (V6R and L20K) as well as V6R/K97E produced
mature virus particles that contain cone-shaped cores as did WT. The
virion size of V6R mutant was somewhat larger than WT and V6R/K97E
(data not shown). We next investigated core morphology of the MA
mutants by negative-stain electron microscopy. Preparations of WT
particles contained cone-shaped mature cores as expected (Fig. 6A).
The two MA mutants (V6R and L20K) as well as V6R/K97E also gave
mature cores. Notably, we found that size (both width and length) of

Fig. 3. Effect of HIV-1 MA mutations on the synthesis of viral DNA in HeLa cells or Jurkat cells. (A to C) HeLa cells were infected with VSV-G pseudotyped WT and
MA mutant viruses. The DNA was extracted at 3, 6, 9, 24, 48, and 72 h after infection and subjected to real-time PCR using U5/gag primers for late reverse
transcription products (A), and Alu-primers for integrated DNA (B). The level of each mutant is indicated relative to the average values of the WT virus, which was set
as 100% (C). Error bars reflect the standard errors (A and B) and the standard deviations (C) of at least three independent experiments, respectively. (D to F) Jurkat
cells were infected with VSV-G pseudotyped WT and MA mutant viruses. The DNA was extracted at 3, 6, 9, 24, and 48 h after infection and subjected to real-time PCR
using U5/gag primers for late reverse transcription products (D), and Alu-primers for integrated DNA (E). The level of each mutant is indicated relative to the average
values of the WT virus, which was set as 100% (F). Error bars reflect the standard errors (D and E) and the standard deviations (F) of at least three independent
experiments, respectively. Values are significantly different as follows: *, P = 0.01 to 0.05, **, P = 0.001 to 0.01, ***, P < 0.001.

Fig. 4. Effect of HIV-1 MA mutations on 2-LTR for-
mation in Jurkat cells. Jurkat cells were infected with
VSV-G pseudotyped WT and MA mutant viruses in the
absence or presence of 1 μM Raltegravir. The DNA
was extracted at 24 h after infection and subjected to
real-time PCR using 2-LTR primers for nuclear trans-
ported viral DNA. The level of each mutant is in-
dicated by ratio of 2-LTR to late RT products (A) or
relative to the average values of the WT virus, which
was set as 100% (B). Error bars reflect the standard
deviations of four independent experiments, respec-
tively. Values are significantly different as follows: *,
P = 0.01 to 0.05, **, P=0.001 to 0.01.
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the V6R mutant was significantly bigger than that of WT (Fig. 6B),
suggesting that mature core formation is affected by the V6R mutation.

3.6. Core stability in vitro is not affected by the V6R mutation

To investigate whether the V6R mutation intrinsically makes the
viral cores unstable, we performed viral core isolation with “spin-thru”
method and in vitro core disassembly assay using the isolated cores
based on previous reports (Aiken, 2009; Forshey et al., 2002; Shah and
Aiken, 2011). Using these methods, the cores were located in the
fractions with densities between 1.23 and 1.27 g/ml, whereas intact
virions were located in the fractions between 1.13 and 1.17 g/ml, which
consistent with previous observations (Aiken, 2009; Forshey et al.,
2002; Shah and Aiken, 2011). To validate the core isolation process, we
first isolated viral cores from CA E128A/R132A and E45A mutants.
Consistent with a previous report (Forshey et al., 2002), both CA mu-
tants showed increased yields of the viral cores compared with that of
WT (Fig. 7A and B). In this set of experiments for core isolation and in
vitro core disassembly, we included two MA mutants, L7E and S8A, in
addition to V6R, V6R/K97E and L20K. The L7E and S8A MA mutants,
like V6R, exhibit decreased membrane binding and impaired Pr55Gag

processing (Ono and Freed, 1999). We observed that core density of the
MA mutants analyzed in the present study is comparable to that of WT,
suggesting that the numbers of CA proteins per unit volume of cores in
the MA mutant were comparable to those of WT (Fig. 8A and B). The
yields of viral cores of the MA mutants were comparable to those of WT
except the L7E in which the core yield was about one-third to that of
WT (Fig. 8B). Consistent with a previous study (Ono and Freed, 1999),
L7E showed severe defects in viral release. This phenotype causes in-
accuracy in normalization of input virions from the assay, leading to the
observed results. Thus, the data may reflect limitations of the assay
system rather than instability of the core. To directly assess the physical
stability of the viral cores for the MA mutants, we performed an in vitro

Fig. 5. In situ uncoating assay. In situ uncoating assay for WT and MA mutants
was performed as described previously (ref.). Briefly, HeLa cells were spino-
culated with fluorescently labled WT and MA mutant viruses containing GFP-
Vpr or S15-dTomato for 2 h in the presence or absence of Bafilimycin A (BAF).
At indicated times after the spinoculation, the infected cells were fixed, im-
munostained for p24 CA (Cy-5), and imaged. The total number of complexes
that entered and fused into the cytoplasm (Vpr-GFP+, S15-dTomato-), the
number of CA-coated complexes (Vpr-GFP+, Ca-Cy5+), and the number of CA-
uncoated complexes that lost CA staining (Vpr-GFP+, Ca-Cy5-) were counted.
The percentage of the total number of fused virions that stained p24 CA over
time following fusion is shown. The 0 h time point and BAF (+) samples re-
present total number of GFP positive virions that stained positive for p24 CA.
Results shown are the average of three independent experiments, with error
bars representing standard deviations.

Fig. 6. Analysis of core morphology and sizes of WT and MA mutants cores. (A) Virions were treated with detergent and the cores were isolated and analyzed by
negative-stained electron microscopy (EM). EM pictures are the representatives of observations performed on X to Y viral cores. The scale bars are 100 nm and
identical for all images shown. The lengths (B) and widths (C) of at least 35 cores for WT and MA mutants for were measured. **, P= 0.001 to 0.01, ***, P < 0.001.
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Fig. 7. Isolation and in vitro disassembly assay of HIV-1 cores of CA mutants. (A and B) equilibrium density gradient sedimentation of HIV-1 cores. Concentrated
virions were layered onto 30–70% linear sucrose gradient with a layer of 1% Triton X-100. Following ultracentrifugation at 100, 000×g for 18 h at 4 °C, fractions
were collected from the top of the gradient and were analyzed by western blotting with the anti-p24 antibody. (C) The fractions containing HIV-1 cores (1.23–1.26 g/
ml of density) were diluted and incubated for 2 h at 37 °C or 4 °C. Following incubation, the cores were centrifuged at 20,000×g for 1.5 h at 4 °C. Data are
representative of at least two independent experiments.

Fig. 8. Isolation and in vitro disassembly assay of MA mutant cores. (A) equilibrium density gradient sedimentation of HIV-1 cores. Concentrated virions were layered
onto 30–70% linear sucrose gradient with a layer of 1% Triton X-100. Following ultracentrifugation at 100, 000×g for 18 h at 4 °C, fractions were collected from the
top of the gradient and were analyzed by western blotting with the anti-p24 antibody. The intensity of the bands was quantified by densitometry. (B) Yields of the
isolated cores were calculated as the percentage of the total CA in the core fraction (1.23–1.26 g/ml). Upper panel is the representative data and lower panel shows
the averages of at least three independent experiments, with error bars representing standard deviations. (C) The fractions containing HIV-1 cores (1.23–1.26 g/ml of
density) were diluted and incubated for 2 h at 37 °C or 4 °C. Following incubation, the cores were centrifuged at 20,000×g for 1.5 h at 4 °C. The ratio of pellet p24
amounts at 37 °C to that at 4 °C were shown. Upper panel is the representative data and lower panel shows the averages of at least three independent experiments
with error bars representing standard deviations.

Y. Hikichi, et al. Virology 532 (2019) 97–107

104



core disassembly assay. The fractions containing cores (1.23–1.27 g/ml)
were diluted and incubated at 37 °C or 4 °C for 2 h. Following incuba-
tion, the cores were centrifuged at 4 °C at 20,000×g for 90min. To
determine the core stability, pellet fractions were subjected to SDS-
PAGE and Western blot analysis. In this assay, we again observed,
consistent with the previous report (Forshey et al., 2002), that the CA
E128A/R132A and E45A mutants increased core stability (Fig. 7C).
Unexpectedly, all MA mutants including V6R demonstrated WT core
stability to WT (Fig. 8C). These results suggest that the V6R mutation
does not intrinsically make the viral cores unstable although this mu-
tation accelerated the kinetics of uncoating in virus-infected cells
(Fig. 5).

3.7. The V6R mutation impairs the initiation of reverse transcription in
virions

We next examined whether the V6R mutation affects the initiation
of reverse transcription (RT) in virus particles by endogenous RT (ERT)
assays. We adopted the so-called “natural ERT assay” in which we did
not add any detergent so that we could avoid the effect of detergent on
the viral cores in the assay (Thomas et al., 2011; Warrilow et al., 2008).
In the first set of experiment, we used VSV-G pseudotyped viruses that
were used in most of the experiments. The V6R mutant showed im-
paired ERT activity whereas the V6R/K97E and L20K viruses showed
comparable levels of the ERT activity (Fig. 9A). The HIV-1 envelope
proteins (Env) are considered to play an important role in the perme-
ability of virions to dNTPs (Zhang et al., 1996). To investigate the ERT
activity of physiologically relevant virions, we also examined ERT ac-
tivity for WT and MA mutants that have the HIV-1 Env in the second set
of experiment. The V6R and L7E mutants showed impaired endogenous
RT reaction whereas the revertant V6R/K97E partially restored en-
dogenous RT reaction although the difference between V6R and the
revertant is not statistically significant (Fig. 9B). The S8A mutant,
which decreases the Gag membrane binding to a lesser extent than V6R
and L7E (Ono and Freed, 1999), showed similar endogenous RT activity
as WT. These results indicate that MA mutations such as the V6R, L7E,
for which Gag membrane binding is drastically decreased, impair the
initiation of the RT reaction in the virions regardless of the kinds of
envelope proteins.

4. Discussion

It is well known that HIV-1 matrix (MA) has important roles for the
late stages of the HIV-1 replication cycle, such as membrane binding
and targeting of the Gag precursor proteins (Pr55Gag) to the plasma
membrane, and Env incorporation into the virion. However, impacts of

MA mutants that alter the Gag membrane binding on the phenotypes of
the newly produced virus particles have not been extensively examined.
In the present study, we found that the V6R mutation in the HIV-1 MA
N-terminus, which decreased membrane binding of Gag, increased the
size of viral cores, accelerated uncoating in infected cells without de-
creased physical core stability, and impaired reverse transcription in
infected cells. On the other hand, the level of the integrated DNA in
infected cells was significantly decreased by the L20K mutation, al-
though the mutation did not appear to affect the virion compositions or
morphology. These results suggest that MA plays important roles in
mature core formation and post-entry events in the HIV-1 replication
cycle.

As observed in previous studies from the Freed lab (Freed et al.,
1994; Ono et al., 1997; Ono and Freed, 1999), we confirmed that MA
mutations analyzed in the present study did not affect the virion com-
position, vRNA encapsidation or Gag processing in the virions released
from transfected 293T cells (Fig. 1). However, TEM analysis showed
that the viral core of V6R was significantly larger than that of WT
whereas that of V6R/K97E, a revertant for the V6R, was restored to WT
level (Fig. 6). These results indicate that the HIV-1 MA is involved in
core morphogenesis, which is a new finding in the HIV research field.
Because core assembly is thought to be influenced by the size of the
viral envelope membrane or the Gag sphere (Frank et al., 2015; Ning
et al., 2016), it is possible that the V6R mutation modifies the physical
properties of the core assembly elements. This in turn can influence the
core maturation pathway through either the de novo reassembly model
or displacive model (Briggs et al., 2009; Frank et al., 2015; Konvalinka
et al., 2015; Ning et al., 2016; Woodward et al., 2015), resulting in
enlarged sizes of mature cores. Further study is necessary to address
each of these issues.

We assessed the viral core stability by two different techniques. In
vitro disassembly assay indicated that the physical stability and density
of V6R viral cores was comparable to that of WT (Fig. 8). In contrast, an
in situ uncoating assay revealed that the V6R viral cores disassembled
more rapidly in infected HeLa cells (Fig. 5). Although this apparent
discrepancy remains to be clarified, it may be due to the lack of trans-
acting factors in the physical stability assay. In this regard, several
studies identified host factors that modulate viral uncoating of HIV
(Chen et al., 2018). The V6R mutation may increase sensitivity to these
host factors that modulate uncoating processes because of the increased
size of viral cores.

Many lines of evidence have suggested that HIV-1 uncoating is
linked to reverse transcription in the infected cells (Cosnefroy et al.,
2016; Forshey et al., 2002; Hulme et al., 2011; Yang et al., 2013). A
recent study indicated the early steps of HIV-1 reverse transcription is
initiated inside the viral cores and these early reverse transcripts trigger

Fig. 9. Effect of MA mutations on the activity of nat-
ural ERT of (A) VSV-G pseudotyped HIV-1 or (B) HIV-1
infectious molecular clones. ERT reactions were in-
itiated by the addition deoxyribonucleotides to DNase
I-treated viruses containing 10 ng of p24 on ice.
Following incubation at 37C, the reactions were ter-
minated at 3 h after incubation. Viral DNA was ex-
tracted and measured for R/U5 DNA by quantitative
real-time PCR analysis. Error bars reflect the standard
errors (upper panels) and the standard deviations of at
least three independent experiments, respectively.
Values are significantly different as follows: *,
P = 0.01 to 0.05, **, P=0.001 to 0.01.
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uncoating (Rankovic et al., 2017). Our study demonstrated that the V6R
mutation decreased the efficiency of the reverse transcription both in
the infected cells (Fig. 3) and in newly produced virions (Fig. 9), These
results suggest that the V6R mutation affects the structural transition of
the viral cores, resulting in defects in uncoating and reverse transcrip-
tion in the next round of infection. Thus, the MA protein seems to play
indirect roles in the early stages of the HIV-1 replication cycle.

Similar to the V6R mutation, VSV-G pseudotyped L20K also showed
defects in single-cycle infectivity (Fig. 2). However, the impacts of the
MA mutations on the post-entry steps seem to be different. Whereas the
previous study indicated that the L20K mutant affected the reverse
transcription in the infected cells and the ERT activity inside the viral
cores (Kiernan et al., 1998), the present study showed that L20K did not
affect HIV-1 cDNA synthesis (Fig. 3) or ERT activity (Fig. 9). The dif-
ference between the previous and present result may be due to the
differences of methods used to analyze ERT activity or producer cell
lines (HeLa versus 293T) in the ERT assays or target cell lines (CEM
(12D7) versus Jurkat) in the case of viral cDNA synthesis measure-
ments. In the present study, we assessed ERT activity without using
detergents to avoid damaging the viral cores (Thomas et al., 2011;
Warrilow et al., 2008). Under this condition, we can examine not only
the initiation of reverse transcription, but also the integrity of the vir-
ions. Some reports have shown effects of producer cells on viral phy-
siology (Iordanskiy et al., 2013). Although we confirmed the L20K
mutation showed comparable phenotypes to WT with respect to the
viral composition and morphology, we did not examine the in-
corporation of host factors that modulate viral core stability or initia-
tion of reverse transcription in the virions.

Both the V6R and L20K decreased the integrated form of the HIV-1
DNA without affecting the efficiency of the nuclear import (Figs. 3 and
4). However, the mechanisms of decreased levels of the integrated DNA
seem to be different between the two MA mutants. As observed with the
HIV-1 integrase (IN) catalytic site mutants that abolish the IN function
(Tsurutani et al., 2000), the V6R mutation increased the levels of 2-LTR,
suggesting that the V6R mutation have any impact of the nuclear im-
port of the viral DNA and/or the IN function in the nucleus. The level of
2-LTR formation of the V6R mutant was comparable to that of WT in
the presence of RAL (Fig. 4), suggesting that the V6R mutation does not
affect the nuclear import. Unlike the V6R, the L20K decreased the in-
tegrated DNA without increasing the 2-LTR forms, suggesting that the
L20K mutation somehow decreases the stability of the viral cDNA ra-
ther than inhibiting the integration process itself. Whereas the majority
of the HIV-1 MA is associated with the viral membrane, it has been
reported that at least a part of the MA is associated with the viral cores
or pre-integration complex (PIC) (Bukrinsky et al., 1993; Miller et al.,
1997). In addition, biochemical analyses such as gel shift assay, NMR
and isothermal titration calorimetry demonstrated the association of
the HIV-1 MA with the viral DNA (Cai et al., 2010; Hearps et al., 2008).
A recent report indicated that knockdown of a host protein LRPPRC,
which was found to be associated with both the MA and IN of HIV-1,
impaired the PIC formation in a certain cell type (Schweitzer et al.,
2012). Thus, MA mutations such as the V6R and L20K that alter Gag
membrane binding may affect the MA-PIC interaction and/or the in-
teraction between the MA and host factors such as the LRPRRC men-
tioned above, resulting in changing the PIC stability and/or the fol-
lowing integration efficiency in the infected cells although further
detailed studies must be performed to validate these possibilities.

In summary, we obtained new information and insights into the
impact of MA mutations that alter Gag membrane binding on core
morphogenesis and post-entry processes. The V6R MA mutation, which
increases Gag membrane binding increased the sizes of mature cores,
accelerated uncoating and impaired reverse transcription and integra-
tion. On the other hand, the L20K MA mutation, which decreases Gag
membrane binding did not affect core morphogenesis but impaired
HIV-1 integration. Our findings provide new and significant informa-
tion on the roles of the HIV-1 MA in the virus replication cycle.

5. Conclusions

A mutation in the N-terminus of HIV-1 MA, V6R, which decreases
membrane binding of Gag, increased the size of the mature cores. The
V6R mutation accelerated uncoating, and impaired reverse transcrip-
tion and integration steps in the next-round infection. On the other
hand, a MA mutation in the highly basic patch, L20K, which increases
membrane binding of Gag decreased the amount of integrated DNA in
the infected cells. These results provide new insights into the roles of
HIV-1 MA in viral core morphogenesis and post-entry events in the HIV-
1 replication cycle.
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