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Abstract
HIV-1 protease (PR) is encoded by pol, which is initially translated as a Pr160gag-pol poly-

protein by a ribosomal frameshift event. Within Gag-Pol, truncated p6gag is replaced by a

transframe domain (referred to as p6* or p6pol) located directly upstream of PR. p6* has

been proposed as playing a role in modulating PR activation. Overlapping reading frames

between p6* and p6gag present a challenge to researchers using genetic approaches to

studying p6* biological functions. To determine the role of p6* in PR activation without af-

fecting the gag reading frame, we constructed a series of Gag/Gag-Pol expression vectors

by duplicating PR with or without p6* between PR pairs, and observed that PR duplication

eliminated virus production due to significant Gag cleavage enhancement. This effect was

mitigated when p6* was placed between the two PRs. Further, Gag cleavage enhancement

was markedly reduced when either one of the two PRs was mutationally inactivated. Addi-

tional reduction in Gag cleavage efficiency was noted following the removal of p6* from be-

tween the two PRs. The insertion of a NC domain (wild-type or mutant) directly upstream of

PR or p6*PR did not significantly improve Gag processing efficiency. With the exception of

those containing p6* directly upstream of an active PR, all constructs were either noninfec-

tious or weakly infectious. Our results suggest that (a) p6* is essential for triggering PR acti-

vation, (b) p6* has a role in preventing premature virus processing, and (c) the NC domain

within Gag-Pol is not a major determinant of PR activation.

Introduction
The Gag structural protein of human immunodeficiency virus type 1 (HIV-1) is initially
synthesized as polyprotein Pr55gag [1]. During or soon after virus budding, Pr55gag is cleaved
by viral protease (PR) into four major products—matrix (MA, p17), capsid (CA. p24), nucleo-
capsid (NC, p7) and p6—plus p2 and p1 spacer peptides (also referred to as SP1 and SP2,
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respectively) [1]. HIV-1 PR, reverse transcriptase (RT), and integrase (IN) are essential pol-en-
coded enzymes for virus replication. The 5’ end of pol overlaps with the 3’ end of gag. During
Gag synthesis, translating ribosomes shift to a pol reading frame at a frequency of 5%, resulting
in Pol being translated as a Gag-Pol polyprotein [2]. Within this Gag-Pol, p1-p6gag is truncat-
ed and replaced by a transframe domain known as p6� or p6pol.

During Pr55gag virion assembly, Gag-Pol is packaged into virions via interaction with
Pr55gag [3,4,5,6,7,8]. It has been suggested that Gag-Pol dimerization triggers PR activation,
with activated PR cleaving from Gag-Pol to mediate virus particle maturation via the proteolyt-
ic processing of Gag and Gag-Pol. The PR-mediated virus maturation process is necessary for
the acquisition of virus infectivity [9,10,11,12,13]. Maintaining Gag-Pol/Gag expression at an
approximate ratio of 1/20 is critical for HIV-1 virus particle assembly; any over-expression of
PR or Gag-Pol can block virus assembly due to premature Pr55gag cleavage
[14,15,16,17,18,19,20].

The Gag-Pol dimerization prerequisite for embedded PR activation implies the involvement
of sequences upstream or downstream of PR. We previously reported that a single RT amino
acid substitution results in a significant reduction in virus yield in a manner that is similar to
treatment with efavirenz [21,22], which is known to enhance RT dimerization [23,24,25]. This
suggests that Gag-Pol conformational change or enhanced Gag-Pol dimerization can lead to
premature PR activation and premature Pr55gag cleavage. It remains unclear how premature
PR activation is blocked in response to Gag-Pol dimerization during virus assembly. p6�,
which is located immediately upstream of PR, is thought to play a role in the modulation of
PR activation.

There is evidence suggesting that fully functional PR requires p6� removal [26,27,28,29]. Re-
sults from in vitro studies suggest that recombinant p6� peptides inhibit PR activity [30,31],
with one research team reporting that Gag-PR with a p6� deletion results in significant im-
provement in Gag-PR proteolytic processing [27]. In addition, NC (located upstream of p6�)
has been described as facilitating PR precursor dimerization, which is associated with improved
PR precursor auto-processing [32]. Combined, these data suggest that p6� plays a negative role
in PR activation, while NC contributes to the triggering of PR activation. Although a recent
study suggests that the p6� sequence is not essential for viral replication [33], we previously co-
expressed Gag-Pol with Pr55gag, and found that Gag-Pol lacking p6� was significantly defec-
tive in terms of mediating virus maturation, despite no clear deficiency in viral incorporation;
this suggests a p6� requirement for PR activation [34].

A major limitation of this type of co-expression system is that Pr55gag particles can bud
from cells that lack Gag-Pol co-expression, making it difficult to precisely determine PR-medi-
ated virus processing efficiency. To overcome this limitation and to further determine the role
of p6� in PR activation, we engineered Gag/Gag-Pol expression constructs containing duplicate
PR or p6�-PR sequences, with one of the two PR domains mutationally inactivated. Our results
indicate that (a) PR lacking adjacent upstream p6� is severely defective in terms of mediating
virus maturation, and (b) the placement of NC upstream of PR or p6�-PR did not significantly
enhance virus maturation efficiency.

Materials and Methods

Plasmid construction
The parental plasmid used in this study is derived from HXB2C. To place an additional copy of
HIV-1 protease (PR) or p6�-PR coding sequence in frame at the PR C-terminus, we first engi-
neered a plasmid cassette designated as pBRHIVCla-Sal2548BamHI that contains an HIV-1
coding sequence (from ClaI-nt.831 to SalI-nt.5786) with a created BamHI site at the PR C-
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terminus. HIV-1 PR-containing cDNA fragments were amplified with a forward primer 5’-
CTGTHHATCCTAACTTCCCTCAGGTAACGTTATGGCAA-3’ and a reverse primer 5’-
CCTACATACAAGAGCTCCTATTATTGATAGATAAC-3’. The resulting amplified DNA
fragments were digested with a combination of BamHI and EcoRV and ligated into pPRCla-
Sal2548BamHI, yielding the construct PRII. To construct PRp6�PR, the HIV-1 coding se-
quence from BglII-nt. 2096 to EcoRV-nt. 2979 was ligated into pPRCla-Sal2548BamHI di-
gested with BamHI anc EcoRV. By similar approaches, constructs PRp6�D, PRD, Dp6�PR and
DPR were generated by recombining pBRCla-Sal2548BamHI with a PR-defective version of
pBRCla-Sal2548BamHI that contains a PR-inactivated mutation D25 [20].

To construct PRWzPR and PRKzPR, wt and mutant leucine zipper domain of human
CREB [35] was PCR-amplified using a forward primer 5’-AATGATGCAGAGAGGCAAT-3’
and a reverse primer 5’-AATGGATCCGATTTGTGGCAGTA-3’. PRWz and PRKz served as
templates [36]. The amplified fragments were digested with BamHI and ligated into PRII. To
clone NCPR or NC15APR, an XhoI site was created at the PR N-terminus of pBRCla-Sal/
2548BamHI by PCR-mediated overlap extension method using an XhoI-containing primer
primer 5’-AACTTCCCTCGAGTCACTCTTTGG-3’. The resultant construct was designated
pBRCla-Sal/2254/XhoI-2548/BamHI. HIV-1 NC fragments were amplified using primers 5’-
AATTCAGCTACTCGAGTGATGCAG-3’ (forward) and 5’-GATCTTCGGATCCAAATTA
GCCTG-3’ (reverse), HIVgpt wt or a mutant NC15A that has 15 NC-basic residues replaced
with alanines served as templates [36]. PCR-amplified wt or mutant NC fragments then were
digested with XhoI and BamHI, and cloned into pBRCla-Sal/2254/XhoI-2548/BamHI. The re-
sultant constructs were digested with ClaI and BamHI and ligated into to PRII and PRp6�PR,
yielding the constructs NCPR, NC15APR, NCp6�PR and NC15Ap6�PR. The backbone of all
expression constructs is the HIV-1 proviral plasmid HIVgpt [37].

Cell culture, transfection, and infection
293T cells and HeLa cells were maintained in DMEM supplemented with 10% fetal calf serum.
Confluent 293T cells were trypsinized, split 1:10, and seeded onto 10 cm dish plates 24 h before
transfection. For each construct, 293T cells were transfected with 20 μg of plasmid DNA by the
calcium phosphate precipitation method, with the addition of 50 μm chloroquine to enhance
transfection efficiency. For infection, 10 μg of wt or mutant HIVgpt were cotransfected with
5 μg of the VSV-G protein expression vector pHCMV-G [38]. At 48 h post-transfection, virus-
containing supernatant was collected, filtered, and mixed with 4 μg/ml polybrene to infect
HeLa cells. After 16–18 h, cells were trypsinized, split into dishes and refed with medium con-
taining drug selection cocktail [39]. Selected mycophenolic acid-resistant colonies were fixed
and stained with 50% methanol containing 0.5% methylene blue. Numbers of drug-resistant
colonies were converted into titers (cfu/ml). Infectivity was expressed as the ratio of the mutant
titer to the titer of wt in parallel experiments.

Western immunoblot analysis
Culture media from transfected 293T cells were filtered through 0.45 μm pore-size filters prior
to centrifugation through 2 ml of 20% sucrose in TSE (10 mM Tris-HCl, pH 7.5, 100 mMNaCl,
1 mM EDTA) containing 0.1 mM phenylmethylsulfonyl fluoride (PMSF) at 4°C for 40 min at
274,000 × g (SW41 rotor at 40,000 rpm). Viral pellets were suspended in IPB (20 mM Tris-HCl,
pH 7.5, 150 mMNaCl, 1 mM EDTA, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100,
0.02% sodium azide) containing 0.1 mM PMSF. Cells were rinsed with ice-cold phosphate-
buffered saline (PBS), scraped from each plate, collected in 1 ml PBS, and pelleted at 2,500 rpm
for 5 min. These pellets were resuspended in 250 μl IPB containing 0.1 mM PMSF and
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subjected to microcentrifugation at 4°C for 15 min at 13,700 × g to remove cell debris. Superna-
tant and cell samples were mixed with equal volumes of 2× sample buffer (12.5 mM Tris-HCl,
pH 6.8, 2% SDS, 20% glycerol, 0.25% bromophenol blue) containing β-mercaptoethanol (5%)
and boiled for 5 min.

Samples were subjected to SDS-PAGE and electroblotted onto nitrocellulose membranes
(blocked with 5% (w/v) non-fat dry milk in Tris-buffered saline containing 0.05% Tween 20
[TBST]) followed by incubation with the primary antibody in TBST buffer containing 5% non-
fat dry milk for one hour on a rocking platform at room temperature. Next, membranes were
washed three times for 10 min each with TBST and rocked for 30 min with the secondary anti-
body in TBST buffer containing 5% non-fat dry milk. Blots were again washed three times in
TBST for 10 min each. Membrane-bound antibody-conjugated enzyme activity was detected
using an enhanced chemiluminescence (ECL) detection system. We used an anti-p24gag mono-
clonal antibody (mouse hybridoma clone 183-H12-5C) at a dilution of 1:5,000 from ascites to
detect HIV Gag proteins. Cellular β-actin was detected using a mouse anti-β-actin monoclonal
antibody (Sigma), also at a 1:5,000 dilution. Membrane-bound HIV-1 PR was detected with a
sheep antiserum. Primary antibody for HIV-1 RT was rabbit antiserum or a mouse anti-RT
monoclonal antibody [40,41]. The secondary antibody was either a rabbit anti-mouse, donkey
anti-rabbit or anti-sheep (HRP)-conjugated antibody at 1:10,000 or 1:5,000 dilution. Manufac-
turer’s protocols were followed for HRP activity detection (Pierce).

Results

p6* placement between duplicate PR domains mitigated Gag cleavage
enhancement
To determine the effects, if any, of p6� on Gag cleavage efficiency, we constructed multiple
HIV-1 Gag/Gag-Pol expression vectors with or without p6� inserted between duplicate PR
pairs. These constructs allowed for Gag/Gag-Pol expression from a single plasmid without dis-
rupting the Gag-Pol ribosomal frameshift signal; the resulting constructs were transiently ex-
pressed in 293T cells (Fig 1A). Initial Western blot results indicate barely detectable Gag
products in culture supernatants following the transient expression of PRII or PR-p6�-PR in
293T cells, likely due to enhanced Gag cleavage from PR over-expression. To test this idea, we
collected supernatants 24 h post-treatment with an HIV-1 PR inhibitor (PRI), either saquinavir
or darunavir. Medium-associated Gag products that were previously barely detectable became
readily observable following PRI treatment (Fig 1B, lanes 4–9). In the absence of PRI treatment,
both wild-type (wt) and PRp6�PR transfectants expressed readily detectable Pr55gag, p41gag
and p24gag (Fig 1B, lanes 10 and 13); in contrast, Pr55gag and p41gag were barely detectable
in PRII transfectants, with mature p24gag representing the primary Gag product (lanes 16).
These results suggest that PRII enhanced Gag processing more efficiently than PRp6�PR. To
find additional evidence in support of this assumption, PRII or PRp6�PR was co-expressed
with a HIV-1 Gag particle-producing expression vector. Our reasoning was that PRII would re-
duce Gag particle production to a greater extent than PRp6�PR if PRII enhanced Gag cleavage
more efficiently than PRp6�PR. As expected, both PRp6�PR and PRII significantly reduced
Gag particle production when co-expressed with equal amounts of HIV-1 Gag expression plas-
mid DNA (Fig 1C, lanes 3 and 5). However, PRII exerted a stronger inhibiting effect than
PRp6�PR on Gag particle production under the same experimental conditions (Fig 1C, lanes
4–5 vs. lanes 2–3). Pr55gag and p41gag (instead of p24gag) were predominant in the medium
samples (Fig 1C, lanes 2–4), suggesting that unprocessed virions are largely immature. To con-
firm that PRII exerted a stronger Gag cleavage enhancement effect than PRp6�PR, cell samples
were collected 8, 16 and 24 h post-transfection. At 8 h post-transfection and throughout the
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Fig 1. Assembly and processing of HIV-1 mutants containing duplicate PR or p6*PR domains. (A) Schematic representations of wild-type (WT) and
recombinant HIV-1 mutants. Indicated are the HIV-1 Gag protein domains MA (matrix), CA (capsid), NC (nucleocapsid), p6, pol-encoded p6*, PR, RT, and
IN (p31). Underlined “PISP” and “NF” indicate remaining N-terminal RT and C-terminal p6* residues, respectively. Altered or additional residues are in italics.
Note the deletion of four N-terminal residues from the second p6* copy. (B) 293T cells were transfected with designated constructs. At 4 h post-transfection,
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experiment, PRII had higher p24gag/Pr55gag ratios compared to the wt and PRp6�PR (Fig 1D)
—that is, PRII expressed higher levels of PR activity compared to PRp6�PR. This finding is
compatible with the proposal that p6� suppresses PR activity.

Gag-Pol precursors of PRII and PRp6*PR were incorporated into Gag
particles following PR inactivation
All of our attempts to detect PR expression in PRII and PRp6�PR were unsuccessful due to
high levels of cellular background signal. We therefore tried to determine PR-associated prod-
ucts in virions following treatment with a PR inhibitor. Since PR activity can affect both virus
assembly and Gag-Pol packaging, we adjusted the PR inhibitor dosage to enable the detection
of both virions and virion-associated PR-related products, and found that PR was readily de-
tected in wt virions (Fig 2A, lanes 1 and 2). Since fully active PR from PRII and PRp6�PR
completely block virus production, we only detected partially cleaved Gag-Pol products in im-
mature virions produced by PRII and PRp6�PR (Fig 2A, lanes 5, 6, 8 and 9). The low virus-as-
sociated Gag-Pol levels we observed in PRII and PRp6�PR were likely due to the insufficient
suppression of overexpressed PR activity, consequently leading to premature Gag-Pol auto-
cleavage prior to packaging into virions. To test this possibility, we assessed virion assembly
when PR activity was almost completely blocked by high doses of PR inhibitor. Results indicate
that virus-associated PRII and PRp6�PR Gag-Pol levels were comparable to that of the wt
when Pr55gag levels in medium were considered (Fig 2B and 2C). Intracellular PR from the wt,
PRII or PRp6�PR was barely detectable due to high background signal levels (Fig 2B). Note
that PRII and PRp6�PR Gag-Pol were detected when blots were overexposed (Fig 2B, lower
panel, asterisks). Combined, the data confirm that both PRII and PRp6�PR are capable of ex-
pressing Gag/Gag-Pol and of packaging Gag-Pol into virions when PR activity is blocked.

Removal of the PR downstream sequence did not exert a major effect on
Gag cleavage enhancement due to PR duplication
Because PR downstream sequence deletions can significantly reduce Gag cleavage efficiency
[42], we expected that barely detectable virus-associated Gag would become more easily detect-
able if PRII or PRp6�PR Gag cleavage efficiency were significantly reduced following the re-
moval of RT and IN domains. To test this possibility, a stop codon was placed at the PR C-
terminus (Fig 3A). Consistent with previously reported results [42], Gag cleavage efficiency
was significantly reduced following the deletion of the sequence downstream of PR (Fig 3B,
lanes 2 and 6). However, virus-associated Gag was still barely detectable for both PRII and
PRp6�PR (Fig 3B, lanes 3 and 4), suggesting that the removal of the RT and IN domains did
not significantly affect the Gag cleavage enhancement incurred by PR over-expression. Al-
though some constructs exhibited similar steady-state cellular Gag processing profiles at 48 h
post-transfection (PRstop vs. PRp6�PRstop, Fig 3B, lane 6 vs. lane 7; or WT vs. PRp6�PR, Fig
1B, lane 10 vs. lane 13), virion production levels were markedly reduced by the duplicate PRs.
We observed that PRIIstop cleaved Gag at a noticeably higher level of efficiency compared to

equal amounts of cells were plated on three dishes and either left untreated or treated with a HIV-1 protease inhibitor, either Darunavier or Saquinavir (SQ), at
the indicated concentrations. Supernatants and cells were collected 48–72 h post-transfection, prepared, and subjected to Western immunoblotting. (C)
Trans-dominant inhibition of HIV-1 Gag particle production. Indicated amounts of PRII or PRp6*PR plasmids were co-expressed with 10 μg of an HIV-1 Gag
particle-producing expression vector. At 48 h post-transfection, cells and supernatants were once again collected and analyzed byWestern immunoblotting.
(D) Time course analysis of wt and mutant Gag processing. 293T cells were transfected with 10 μg of designated constructs. At 4 h post-transfection, equal
amounts of cells were placed on three dish plates. Cells were collected 8, 16 and 24 h post-transfection and subjected to Western immunoblotting. Cellular
Pr55gag and p24gag levels were quantified by scanning immunoblot band densities. Ratios of p24gag to p55gag were determined for each mutant and
normalized to those of the wt in parallel experiments. Bars indicate standard deviation.

doi:10.1371/journal.pone.0127974.g001
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Fig 2. Incorporation of PR and PR-associated Gag-Pol into virus particles. 293T cells were transfected with 10 μg of designated constructs. At 4 h post-
transfection, equal amounts of cells were placed on three (panel A) or two (panel B) dish plates, and either left untreated or treated with darunavier at the
indicated concentrations. At 48 h post-transfection, cells and supernatants were collected and subjected to Western immunoblotting. PR and PR-associated
Gag-Pol were probed with an anti-PR serum (upper panels A and B). Faint bands corresponding to Pr55gag likely indicate partial cross-reaction with anti-PR
serum (panel B, arrowhead). Membranes were stripped and reprobed with an anti-p24CAmonoclonal antibody. Panels B and C are derived from the same
blot. Positions of molecular size markers and HIV-1 Gag proteins Pr55, p41 and p24, and PR-associated Gag-Pol proteins are indicated.

doi:10.1371/journal.pone.0127974.g002
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PRp6�PRstop (Fig 3B, lane 8 vs. lane 7), supporting our proposal that p6� prevents premature
PR activation and/or premature Gag cleavage.

PR-inactivated Gag-Pol co-expression reduced overall PR activity
Assuming that PR pair activation is dependent on Gag-Pol dimerization, we posited that Gag-
Pol containing inactive PR would interfere with PRII or PRp6�PR protease activity via Gag-
Pol/Gag-Pol interaction. To test this idea, PRII and PRp6�PR were co-expressed with their PR-
inactivated Gag-Pol versions derived from a Gag-Pol expression plasmid (fsD) containing gag
and pol in the same reading frame. Our results indicate that PRII and PRp6�PR both produced
readily detectable virus-associated Gag following co-transfection with equal amounts of PR-in-
activated Gag-Pol (fsDD or fsDp6�D) in which both PRs were mutationally inactivated (Fig 4A
and 4B, lanes 10 and 12). Since none of the fsD versions produced virus-associated Gag when
expressed alone (data not shown), the detected virus-associated Gag was likely derived from

Fig 3. Removal of PR downstream sequences did not significantly impact enhanced Gag cleavage by
PR pairs. (A) Schematic representations of HIV-1 Gag and Gag-PR expression constructs. PRstop
contained a stop codon insertion at the PR-RT junction (codon sequence 5’TTTCCCATTAGCCCTTAG-3’);
RT codons are underlined. Recombining the PRstop with PRp6*PR or PRII (Fig 1) yielded PRp6*PRstop
and PRIIstop, respectively. (B) 293T cells were transfected with designated constructs. At 24–48 h post-
transfection, cells and supernatants were collected and subjected to Western immunoblotting.

doi:10.1371/journal.pone.0127974.g003
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Fig 4. Reduced PRII and PRp6*PR protease activity due to PR-defective Gag-Pol. (A) Schematic representations of HIV-1 Gag-Pol expression
constructs. HIV-1 Gag domains, pol-encoded p6*, PR, RT and IN are indicated. fs denotes a frameshift mutation that forces gag and pol into the same
reading frame. X denotes a PR-inactivated mutation. (B-C) 293T cells were transfected with 10 μg of PRII or PRp6*PR plasmids, alone or in combination with
2 or 10 μg of one of the designated constructs. Plasmid DNA amounts were maintained at 20 μg by adding pBlueScript SK. At 48–72 h post-transfection,
culture supernatants and cells were collected and subjected to Western immunoblotting.

doi:10.1371/journal.pone.0127974.g004
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the PRII or PRp6�PR due to reduced Gag processing efficiency on the part of the co-expressed
fsD versions. These data fit well with observations of PRII and PRp6�PR protease activity sup-
pression by PR inhibitors (Fig 1).

We consistently observed that when PRII was co-expressed with fsDD, it produced virus-as-
sociated Gag at higher levels than when it was co-expressed with fsDp6�D. In comparison,
when PRp6�PR was co-expressed with fsDp6�D, it produced higher levels of virus-associated
Gag than when it was co-expressed with fsDD (Fig 4B and 4C, lane 10 vs. lane 12). This sug-
gests significantly greater reductions in both PRII and PRp6�PR Gag cleavage efficiency due to
their PR-inactivated counterparts (fsDD and fsDp6�D, respectively). It is likely that the Gag-
Pol of PRII and PRp6�PR interact more efficiently with their PR-inactivated counterparts, re-
sulting in more effective blocking of PR function. Further evidence in support of this assump-
tion is that PRII and PRp6�PR both packaged their respective PR-inactivated Gag-Pol
counterparts (fsDD and fsDp6�D) more efficiently than the other types of PR-inactivated Gag-
Pol (Fig 4B and 4C, lane 10). We repeatedly observed that PRII produced virus-associated
Gag-Pol at lower levels than PRp6�PR when co-expressed with fsD, fsDD or fsDp6�D under
the same conditions. This may be due, at least in part, to Gag-Pol being prematurely cleaved by
PRII to a greater extent than by PRp6�PR prior to packaging into Gag particles. Interestingly,
the co-transfection of PRp6�PR and fsDp6�PR produced detectable virus-associated Gag—pri-
marily p24gag rather than Pr55gag (Fig 4C, lanes 7–8). These data suggest that fsDp6�PR is ca-
pable of mediating virus particle maturation in addition to decreasing PRp6�PR-mediated Gag
cleavage enhancement.

Inactivating either one of the two PR domains markedly reduced Gag
cleavage efficiency
Inactivation of both proximal PR (adjacent to Gag) and distal PR (adjacent to RT) resulted in
different levels of trans-interference of Gag processing efficiency (Fig 4), implying that the two
PRs do not exhibit the same amount of activity. The p6� between the proximal and distal PR
domains (hereafter referred to as inter-PR p6�) may serve as a determinant of Gag processing
efficiency when one of the two PRs is inactivated. When the proximal and distal PRs within
PRII and PRp6�PR were inactivated (Fig 5A), our expectation was that PRII and PRp6�PR
would still efficiently mediate Gag cleavage provided that they retained an active PR domain.
PRII became noticeably defective in Gag cleavage when one of the two PR domains was inacti-
vated, which agrees with a previous report [16]. Notably, marked impairment of virus particle
processing was observed when the proximal PR (DPR) was inactivated (Fig 5B, lanes 2–3 and
Fig 5D). Further, inactivation of the distal PR of PRp6�PR impaired virus processing to a great-
er extent than inactivation of the proximal PR (Fig 5B, lane 4 vs. lane 5).

Substantial amounts of incomplete RT-associated Gag-Pol cleavage products were readily
detected in medium (Fig 5B upper panel, lanes 2–4), meaning that the defect in virus process-
ing was more likely due to insufficient PR activation than deficient Gag-Pol incorporation. It is
possible that inactivated PR may interfere (either in cis or in trans) with normal PR function
when mediating virus particle processing. Normal PR may be susceptible to disturbance by ad-
jacent PR mutants following the removal of inter-PR p6�. In contrast to DPR, which lacked p6�

directly upstream of active PR and was severely defective in virion processing, all of the con-
structs that were capable of producing substantial amounts of virus-associated p24gag con-
tained p6� directly upstream of an active PR (Fig 5B, middle panel). This strongly suggests a
p6� requirement for PR activation. Deletions of both RT and IN from Dp6�PR resulted in
markedly reduced virus processing efficiency (Fig 5C and 5D), thus confirming the importance
of the downstream Pol sequence to PR-mediated virus maturation.
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Fig 5. Inactivation of either one of the two PR domainsmarkedly affected virus maturation. (A) Schematic representations of HIV-1 Gag and Gag-Pol
expression constructs. X denotes a PR-inactivated mutation. Constructs were derived from PR-inactivated Gag-Pol expression vectors (Fig 4) lacking the
gag/pol frameshift mutation. PRp6*Dstop and Dp6*PRstop were derived from recombining the PRstop (Fig 3) with PRp6*D and Dp6*PR, respectively.
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With a virus processing profile similar to that of wt, Dp6�PR is likely capable of producing
mature infectious virions. To test this idea, we conducted a single-cycle-infection assay, and
found that Dp6�PR exhibited infectivity at a level approximately 20% that of the wt, while the
other constructs were either non-infectious or poorly infectious (Fig 5E). Combined, these data
suggest that upstream p6� and downstream RT and IN sequences are required for efficient PR-
mediated virus processing.

Adjacent upstream p6* is critical to PR function
To find further evidence that the p6� sequence is required for PR activation, a wild-type or mu-
tant leucine-zipper (LZ) motif was substituted for the inter-PR p6� (Fig 6A). The wt LZ (Wz)
resulted in barely detectable virus-associated Gag, with cellular Gag cleavage enhanced in a
manner similar to that of PRII (Fig 6B, lane 4). This was not a surprising result, since LZ dimer-
ization likely promotes PR activation by facilitating PR precursor dimerization [36]. In con-
trast, the LZ (Kz) mutant resulted in readily detected virus-associated Gag (Fig 6B, lane 5),
suggesting that replacement of inter-PR p6� with a dimerization-defective LZ motif significant-
ly reduced Gag cleavage efficiency. This result supports the hypothesis that the p6� sequence
contributes to PR activation.

HIV-1 NC has been proposed as promoting PR precursor dimerization and PR activation in
vitro, likely due to the NC capacity for dimerization. To clarify the role of p6� in PR activation
and to confirm any NC contribution, we created constructs with NC inserted between the p6�

and PR domains (Fig 6A). An NC mutant (NC15A) that did not confer Gag assembly capabili-
ty served as a control. The results indicate that both NCp6�PR and NC15Ap6�PR (a) displayed
Gag processing profiles similar to that of the wt (Fig 6C, lanes 3 and 5), (b) had virus particle
processing efficiencies of approximately 30–40% that of the wt (Fig 6D), and (c) were capable
of producing infectious virions, although at an infectivity level less than 20% that of the wt (Fig
6E). In contrast, NCPR and NC15APR (both lacking p6� directly upstream of PR) were severe-
ly defective in virus processing capability. Both contained incompletely processed (RT-associ-
ated) Gag-Pol, similar to results for DPR, PRD and PRp6�D (Fig 5B). The data suggest a defect
in Gag-Pol auto-processing, likely due to incomplete PR activation. The data also strongly sup-
port the idea that p6� is required for efficient PR activation, and that NC in the Gag-Pol context
is not important for PR activation.

Discussion
Functional HIV-1 PR is dimeric, and the expression of a single-chain HIV-1 PR dimer is suffi-
cient to strongly inhibit virus replication by premature Gag cleavage [16]. We found that Gag/
Gag-Pol expression constructs containing tandem PR (PRII) or p6�-PR (PRp6�PR) were capa-
ble of blocking virion production by significantly enhancing Gag cleavage. Both PRII and
PRp6�PR may experience delayed cleavage at the proximal PR C-terminal following a residue

(B-C) Assembly and processing of HIV-1 mutants. 293T cells were transfected with designated constructs. At 48 h post-transfection, cells and supernatants
were collected and analyzed byWestern immunoblotting. Equivalent amounts of supernatant samples were probed with anti-p24CAmonoclonal antibody or
anti-RT antiserum (panel B, top panel). Positions of Pr160gag-pol, RT p66 and p51 subunits, Pr55gag, p41gag, and p24gag are indicated. (D) Relative virus
particle processing efficiency of HIV-1 mutants. Virus-associated Pr55gag and p24gag levels were quantified by scanning immunoblot band densities as
shown in panels B and C. Ratios of p24gag to p55gag were determined for each mutant and normalized to those of the wt in parallel experiments. Bars indicate
standard deviations. *p<0.05; **p<0.01. (E) Relative infectivity of HIV-1 mutants. 293T cells were transfected with the indicated plasmid plus a VSV-G
expression vector. At 48 to 72 h post-transfection, approximately 50% of the collected supernatant was subjected to Western immunoblotting. The remaining
supernatants were aliquoted and used to infect HeLa cells. Drug-resistant colonies were converted to titers (CFU/ml). Ratios of viral titers to Gag protein
levels (obtained via immunoblot band density quantification) were determined for each mutant and normalized to those of the wt in parallel experiments.
Mean and standard deviation values for viral infectivity are indicated. ***p<0.001.

doi:10.1371/journal.pone.0127974.g005
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Fig 6. Effects of p6* deletions or substitutions on Gag processing. (A) Schematic representations of HIV-1 Gag and Gag-Pol expression constructs.
HIV-1 Gag protein domains and pol-encoded proteins are indicated as described in the Fig 1 caption. X denotes a PR-inactivated mutation. “Wz” and “Kz”
boxes denote wt and mutant leucine zipper domains, respectively. The mutant LZ contained Lys or His residue replacements for the wt amino acid residues
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change from F/P to L/P, while still retaining active PRs containing C-terminal extensions
[43,44]. If PRII were not capable of releasing PR, or if it triggered a slower release of PR com-
pared to PRp6�PR, then it should have cleaved Gag less efficiently than PRp6�PR, which is not
what we observed. Therefore, the presence of altered amino acid residue at the PR cleavage site
does not significantly impact our major conclusions.

We repeatedly observed that virus-associated p24gag was readily detected for the wt, but
barely detectable in PRII and PRp6�PR medium when treated with low doses of PR inhibitors
(Fig 1B, lane 2). We previously reported that a HIV-1 mutant (PRWWz) containing tandem
repeat leucine zippers at the HIV-1 PR C-terminus failed to produce virions due to enhanced
Gag cleavage efficiency [36]. In that same study we found that the PRWWz also exhibited
greater susceptibility to PRI treatment than the wt [36]. Additional research is required to de-
termine why these artificial constructs with Gag processing enhancement are more susceptible
to PRI than wt.

Our data indicate that PRII possessed PR capacity at a higher level than PRp6�PR, and that
the placement of p6� between the two PR domains resulted in diminished protease activity.
This is in agreement with the hypothesis that p6� blocks the premature activation of dimeriza-
tion proteins or retards PR maturation [45,46,47]. Alternatively (or additionally), when p6� is
cleaved from PR, it may block the PR substrate binding cleft, consequently reducing Gag pro-
cessing efficiency [30].

However, there is also the possibility that PRII forms Gag-Pol or PR dimerization more
readily than PRp6�PR, despite reports that p6� has little influence on the dimer formation of
wild-type PR [32,48]. Given that the PR-inactivation mutation (D25) does not affect PR dimer-
ization [49], the PR precursor dimerization of PRD or DPR (both lacking inter-PR p6�) may
make it easier for defective PR to interfere with wt PR. It is likely that intramolecular PR dimer-
ization is enhanced by the removal of inter-PR p6�. This may explain our finding that PRD
and DPR processed virions less efficiently than PRp6�D and Dp6�PR (Fig 5).

We found that the Gag cleavage efficiency of PRp6�PR was noticeably lower when inter-PR
p6� was replaced with a dimerization-defective leucine zipper motif (PRKzPR) (Fig 6), and that
removal of the inter-PR p6� from Dp6�PR significantly impaired virus particle processing (Fig
5B). Further, the placement of a NC domain directly upstream of PR (NCPR)—which was pre-
dicted to support PR activation by promoting PR dimerization—was actually deficient in PR
activation (Fig 6C). In contrast, the insertion of p6� between NC and PR conferred a capability
to mediate virus maturation. It is not surprising that substantial numbers of virions produced
by Dp6�PR, NCp6�PR, and NC15Ap6�PR were noninfectious (despite containing RT and hav-
ing processing profiles similar to that of the wt), since the addition of extra p6�, inactivated PR,
and/or NC sequences to Gag-Pol may have interfered with virus maturation and/or virus repli-
cation. Nevertheless, infection assay results strongly suggest a p6� requirement for producing
mature infectious virions.

(underlined). The x’s in NC15A denote alanine substitutions of 15 NC-basic residues. Grey vertical lines at the end of p6gag denote the deletion of 10 C-
terminal residues due o NC replacement for the proximal PR. Amino acid residues in the junction area are indicated. Underlined “PISP” and “NF” indicate
remaining N-terminal RT and C-terminal p6* residues, respectively. Residues (F/P) at the p6*/PR cleavage site are underlined. (B-C) 293T cells were
transfected with designated constructs. At 48–72 h post-transfection, culture supernatants and cells were collected and subjected to Western
immunoblotting. (D) Relative virus particle processing efficiency of HIV-1 mutants. Virus-associated Pr55gag and p24gag levels were quantified by scanning
band densities from immunoblots as shown in panel C. Ratios of p24gag to p55gag were determined for each mutant and normalized to those of the wt in
parallel experiments. Bars indicate standard deviations (*p<0.05). (E) Relative infectivity of HIV-1 mutants. 293T cells were transfected with the indicated
plasmid plus a VSV-G expression vector. At 48 to 72 h post-transfection, aliquots of collected supernatants were used to infect HeLa cells or subjected to
Western immunoblotting. Viral infectivity was determined by normalizing the ratio of viral titers to Gag protein levels as described in the Fig 5E caption.
***p<0.001.

doi:10.1371/journal.pone.0127974.g006
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After constructing a HIV-1 provirus plasmid by uncoupling a p6� gene sequence from the
p1-p6gag reading frame, Leiherer et al. found that a deletion of 35 amino acids from the
56-amino-acid p6� did not significantly affect virus maturation or infectivity [33], and there-
fore concluded that the p6� sequence is not essential for viral replication and infectivity. How-
ever, they also found that the insertion of a large GFP reporter sequence in the central deleted
region of p6� eliminated PR-mediated virus maturation, likely due to the perturbation of PR
precursor conformation [33]. Their results suggest that a deletion of 35 residues may not be
sufficient for the impairment of p6� function in modulating PR activation.

Zybarth and Carter analyzed the in vitro autoprocessing of a series of Gag-PR polyproteins
with progressively larger deletions in the gag coding sequence, and found that deletions involv-
ing NC resulted in the loss of PR precursor autoprocessing activity associated with a deficit in
PR precursor dimerization [32]. They proposed that NC binding of RNA might facilitate PR
dimerization, given the possibility that NC-associated RNA serves as a scaffold facilitating
NC-NC interaction and Gag assembly [50,51,52]. However, we failed to find any significant
difference in virus particle processing resulting from the insertion of a wt NC or RNA binding-
defective NC mutant (NC15A) directly upstream of p6�-PR (Fig 6, NCp6�PR vs.
NC15Ap6�PR). According to one previous study, deleting NC from Gag-Pol does not signifi-
cantly affect Gag-Pol viral incorporation or PR-mediated virus maturation [4]. Combined,
these data suggest that NC is not a major determinant in Gag-Pol dimerization or PR activa-
tion, which conflicts with Zybarth and Carter’s analysis. A possible explanation is that the con-
structs assayed by Zybarth and Carter lacked the RT and IN domains, both of which are
required for efficient PR activation [42,53]. Accordingly, any contribution of NC to PR activa-
tion may be masked or complemented when RT or other Gag domains are present [44,49]. It is
possible, but unlikely, that the upstream native NC within NCp6�PR and NC15Ap6�PR makes
a significant contribution to triggering PR activation, since NCPR and NC15APR (both of
which contain a native NC upstream of native p6�) were found to be severely defective in Gag
processing (Fig 6).

During virus assembly, Gag-Pol molecules (which are concentrated at the plasma mem-
brane) tend to trigger PR activation via Gag-Pol/Gag-Pol interactions that may block virus as-
sembly due to premature Gag cleavage. At this point, p6� may serve as a buffer preventing Gag
from premature cleavage or PR from early activation. Such a scenario would explain why p6�,
when placed between the duplicate PRs, attenuated the activity of over-expressed PR. However,
our data suggest that p6� is required for PR activation, in addition to playing a role in prevent-
ing premature Gag cleavage or premature PR activation, and that the NC domain within Gag-
Pol is not a major determinant of PR activation.

Acknowledgments
The authors wish thank the following from the National Institutes of Health AIDS Research
and Reference Reagent Program for their assistance in obtaining the following reagents: anti-
RT monoclonal antibody (MAb21) (Stephen Hughes); antiserum to HIV-1 PR (D. Bailey and
Mark Page) and antiserum to HIV-1 RT (Stuart Le Grice).

Author Contributions
Conceived and designed the experiments: FHY CTW. Performed the experiments: FHY TAC.
Analyzed the data: TAC CTW. Contributed reagents/materials/analysis tools: WHL KJH.
Wrote the paper: CTW.

p6pol Required for HIV-1 Maturation

PLOS ONE | DOI:10.1371/journal.pone.0127974 June 1, 2015 15 / 18



References
1. Swanstrom R, Wills J. Synthesis, assembly and processing of viral proteins. In: Coffin J, Hughes S,

Varmus H, editors. Retroviruses. Cold Spring Harbor, N.Y: Cold Spring Harbor Laboratory
Press;1997.p. 263–334.

2. Jacks T, Power MD, Masiarz FR, Luciw PA, Barr PJ, Varmus HE. Characterization of ribosomal frame-
shifting in HIV-1 gag-pol expression. Nature. 1988; 331(6153): 280–3. PMID: 2447506

3. Chien AI, Liao WH, Yang DM, Wang CT. A domain directly C-terminal to the major homology region of
human immunodeficiency type 1 capsid protein plays a crucial role in directing both virus assembly and
incorporation of Gag-Pol. Virology. 2006; 348(1): 84–95. PMID: 16442581.

4. Chiu HC, Yao SY, Wang CT. Coding sequences upstream of the human immunodeficiency virus type 1
reverse transcriptase domain in Gag-Pol are not essential for incorporation of the Pr160(gag-pol) into
virus particles. J Virol. 2002; 76(7): 3221–31. PMID: 11884546.

5. Halwani R, Khorchid A, Cen S, Kleiman L. Rapid Localization of Gag/GagPol Complexes to Detergent-
Resistant Membrane during the Assembly of Human Immunodeficiency Virus Type 1. J Virol.2003; 77
(7): 3973–84. doi: 10.1128/jvi.77.7.3973–3984.2003 PMID: 12634357

6. Huang M, Martin MA. Incorporation of Pr160(gag-pol) into virus particles requires the presence of both
the major homology region and adjacent C-terminal capsid sequences within the Gag-Pol polyprotein.
J Virol. 1997(6: ); 71: 4472–8. PMID: 9151838

7. Smith AJ, Srinivasakumar N, Hammarskjold ML, Rekosh D. Requirements for incorporation of
Pr160gag-pol from human immunodeficiency virus type 1 into virus-like particles. J Virol. 1993; 67(4):
2266–75. PMID: 8445731

8. Srinivasakumar N, Hammarskjold ML, Rekosh D. Characterization of deletion mutations in the capsid
region of human immunodeficiency virus type 1 that affect particle formation and Gag- Pol precursor in-
corporation. J Virol. 1995; 69(10): 6106–14. PMID: 7666514

9. Kaplan AH, Zack JA, Knigge M, Paul DA, Kempf DJ, Norbeck DW, et al. Partial inhibition of the human
immunodeficiency virus type 1 protease results in aberrant virus assembly and the formation of nonin-
fectious particles. J Virol.1993; 67(7): 4050–5. PMID: 8510215

10. Pettit SC, Moody MD, Wehbie RS, Kaplan AH, Nantermet PV, Klein CA, et al. The p2 domain of human
immunodeficiency virus type 1 Gag regulates sequential proteolytic processing and is required to pro-
duce fully infectious virions. J Virol. 1994; 68(12): 8017–27. PMID: 7966591

11. Gottlinger HG, Sodroski JG, HaseltineWA. Role of capsid precursor processing and myristoylation in
morphogenesis and infectivity of human immunodeficiency virus type 1. Proc Natl Acad Sci USA. 86
(15): 5781–5. PMID: 2788277

12. Kohl NE, Emini EA, Schleif WA, Davis LJ, Heimbach JC, Dixon RA, et al. Active human immunodefi-
ciency virus protease is required for viral infectivity. Proc Natl Acad Sci USA. 1988; 85(13):4686–90.
PMID: 3290901

13. Peng C, Ho BK, Chang TW, Chang NT. Role of human immunodeficiency virus type 1-specific protease
in core protein maturation and viral infectivity. J Virol.1989; 63(6): 2550–56. PMID: 2657099

14. Arrigo SJ, Huffman K. Potent inhibition of human immunodeficiency virus type 1 (HIV-1) replication by
inducible expression of HIV-1 PRmultimers. J Virol. 1995; 69(10): 5988–94. PMID: 7666503

15. Hill MK, Hooker CW, Harrich D, Crowe SM, Mak J. Gag-Pol Supplied in trans Is Efficiently Packaged
and Supports Viral Function in Human Immunodeficiency Virus Type 1. J Virol. 2001; 75(15): 6835–40.
doi: 10.1128/jvi.75.15.6835–6840.2001 PMID: 11435562

16. Krausslich H. Human immunodeficiency virus proteinase dimer as component of the viral polyprotein
prevents particle assembly and viral infectivity. Proc Natl Acad Sci USA. 1991; 88: 3213–7. PMID:
2014242

17. Park J, Morrow CD. Overexpression of the gag-pol precursor from human immunodeficiency virus type
1 proviral genomes results in efficient proteolytic processing in the absence of virion production. J Virol.
1991. 65(9): 5111–7. PMID: 1870215

18. Rose JR, Babe LM, Craik CS. Defining the level of human immunodeficiency virus type 1 (HIV-1) prote-
ase activity required for HIV-1 particle maturation and infectivity. J Virol. 1995; 69(5: 2751–8. PMID:
7535864.

19. Shehu-Xhilaga M, Crowe SM, Mak J. Maintenance of the Gag/Gag-Pol Ratio Is Important for Human
Immunodeficiency Virus Type 1 RNA Dimerization and Viral Infectivity. J Virol. 2001; 75(4): 1834–41.
doi: 10.1128/jvi.75.4.1834–1841.2001 PMID: 11160682

20. Wang C-T, Chou Y-C, Chiang C-C. Assembly and Processing of Human Immunodeficiency Virus Gag
Mutants Containing a Partial Replacement of the Matrix Domain by the Viral Protease Domain. J
Virol.2000; 74(7): 3418–22. doi: 10.1128/jvi.74.7.3418–3422.2000 PMID: 10708461

p6pol Required for HIV-1 Maturation

PLOS ONE | DOI:10.1371/journal.pone.0127974 June 1, 2015 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/2447506
http://www.ncbi.nlm.nih.gov/pubmed/16442581
http://www.ncbi.nlm.nih.gov/pubmed/11884546
http://dx.doi.org/10.1128/jvi.77.7.39733984.2003
http://www.ncbi.nlm.nih.gov/pubmed/12634357
http://www.ncbi.nlm.nih.gov/pubmed/9151838
http://www.ncbi.nlm.nih.gov/pubmed/8445731
http://www.ncbi.nlm.nih.gov/pubmed/7666514
http://www.ncbi.nlm.nih.gov/pubmed/8510215
http://www.ncbi.nlm.nih.gov/pubmed/7966591
http://www.ncbi.nlm.nih.gov/pubmed/2788277
http://www.ncbi.nlm.nih.gov/pubmed/3290901
http://www.ncbi.nlm.nih.gov/pubmed/2657099
http://www.ncbi.nlm.nih.gov/pubmed/7666503
http://dx.doi.org/10.1128/jvi.75.15.68356840.2001
http://www.ncbi.nlm.nih.gov/pubmed/11435562
http://www.ncbi.nlm.nih.gov/pubmed/2014242
http://www.ncbi.nlm.nih.gov/pubmed/1870215
http://www.ncbi.nlm.nih.gov/pubmed/7535864
http://dx.doi.org/10.1128/jvi.75.4.18341841.2001
http://www.ncbi.nlm.nih.gov/pubmed/11160682
http://dx.doi.org/10.1128/jvi.74.7.34183422.2000
http://www.ncbi.nlm.nih.gov/pubmed/10708461


21. Chiang C-C, Wang S-M, Pan Y-Y, Huang K-J, Wang C-T. A Single Amino Acid Substitution in HIV-1
Reverse Transcriptase Significantly Reduces Virion Release. J Virol. 2010; 84(2): 976–982. doi: 10.
1128/jvi.01532-09 PMID: 19889767

22. Chiang C-C, Tseng Y-T, Huang K-J, Pan Y-Y, Wang C-T. Mutations in the HIV-1 reverse transcriptase
tryptophan repeat motif affect virion maturation and Gag–Pol packaging. Virology. 2012 422(2): 278–
87. doi: 10.1016/j.virol.2011.11.001 PMID: 22104208

23. Tachedjian G, Orlova M, Sarafianos SG, Arnold E, Goff SP. Nonnucleoside reverse transcriptase inhib-
itors are chemical enhancers of dimerization of the HIV type 1 reverse transcriptase. Proc Natl Acad Sci
USA.2001; 98(13): 7188–93. PMID: 11416202

24. Figueiredo A, Moore KL, Mak J, Sluis-Cremer N, de BethuneM-P, Tachedjian G. Potent Nonnucleoside
Reverse Transcriptase Inhibitors Target HIV-1 Gag-Pol. PLoS Pathogens 2006; 2(11): e119. PMID:
17096588

25. Tachedjian G, Moore KL, Goff SP, Sluis-Cremer N. Efavirenz enhances the proteolytic processing of
an HIV-1 pol polyprotein precursor and reverse transcriptase homodimer formation. FEBS Lett. 2005;
579(2): 379–84. PMID: 15642347

26. Ludwig C, Leiherer A, Wagner R. Importance of Protease Cleavage Sites within and Flanking Human
Immunodeficiency Virus Type 1 Transframe Protein p6* for Spatiotemporal Regulation of Protease Ac-
tivation. J Virol.2008; 82(9): 4573–4584. doi: 10.1128/jvi.02353-07 PMID: 18321978

27. Partin K, Zybarth G, Ehrlich L, DeCrombrugghe M, Wimmer E, Carter C. Deletion of sequences up-
stream of the proteinase improves the proteolytic processing of human immunodeficiency virus type 1.
Proc Natl Acad Sci USA.1991; 88(11): 4776–80. PMID: 1647017

28. Tessmer U, Krausslich H-G. Cleavage of Human Immunodeficiency Virus Type 1 Proteinase from the
N-Terminally Adjacent p6* Protein Is Essential for Efficient Gag Polyprotein Processing and Viral Infec-
tivity. J Virol.1998; 72(4): 3459–63. PMID: 9525682

29. Paulus C, Ludwig C, Wagner R. Contribution of the Gag-Pol transframe domain p6* and its coding se-
quence to morphogenesis and replication of human immunodeficiency virus type 1. Virology. 2004;
330(1): 271–83. PMID: 15527852

30. Paulus C, Hellebrand S, Tessmer U, Wolf H, Kräusslich H- G, Wagner R. Competitive Inhibition of
Human Immunodeficiency Virus Type-1 Protease by the Gag-Pol Transframe Protein. J Biol Chem.
1999; 274(31): 21539–43. doi: 10.1074/jbc.274.31.21539 PMID: 10419458

31. Louis J, Dyda F, Nashed N, Kimmel A, Davies D. Hydrophilic peptides derived from the transframe re-
gion of Gag-Pol inhibit the HIV-1 protease. Biochemistry. 1998; 37: 2105–10. doi: 10.1021/bi972059x
PMID: 9485357

32. Zybarth G, Carter C. Domains upstream of the protease (PR) in human immunodeficiency virus type 1
Gag-Pol influence PR autoprocessing. J Virol.1995: 69(6): 3878–84. PMID: 7745738

33. Leiherer A, Ludwig C, Wagner R. Uncoupling Human Immunodeficiency Virus Type 1 gag and pol
Reading Frames: Role of the Transframe Protein p6* in Viral Replication. J Virol.2009; 83(14):7210–
20. doi: 10.1128/jvi.02603-08 PMID: 19403679

34. Chiu H-C, Wang F-D, Chen Y-MA, Wang C-T. Effects of human immunodeficiency virus type 1 trans-
frame protein p6*mutations on viral protease-mediated Gag processing. J Gen Virol.2006; 87(7):
2041–6. doi: 10.1099/vir.0.81601–0 PMID: 16760407

35. Loriaux MM, Rehfuss RP, Brennan RG, Goodman RH. Engineered Leucine Zippers Show that Hemi-
phosphorylated CREB Complexes are Transcriptionally Active. Proc Natl Acad Sci USA. 90(19):
9046–50. doi: 10.1073/pnas.90.19.9046 PMID: 8105470

36. Pan Y-Y, Wang S-M, Huang K-J, Chiang C-C, Wang C-T. Placement of Leucine Zipper Motifs at the
Carboxyl Terminus of HIV-1 Protease Significantly Reduces Virion Production. PLoS ONE 2012; 7(3):
e32845. doi: 10.1371/journal.pone.0032845 PMID: 22396796

37. Page KA, Landau NR, Littman DR. Construction and use of a human immunodeficiency virus vector for
analysis of virus infectivity. J Virol.1990; 64(11): 5270–6. PMID: 2214018.

38. Burns JC, Friedmann T, Driever W, Burrascano M, Yee J. Vesicular Stomatitis Virus G Glycoprotein
Pseudotyped Retroviral Vectors: Concentration to Very High Titer and Efficient Gene Transfer into
Mammalian and Nonmammalian Cells. Proc Natl Acad Sci USA. 1993; 90(17): 8033–7. doi: 10.1073/
pnas.90.17.8033 PMID: 8396259

39. Chen YL, Ts'ai PW, Yang CC, Wang CT. Generation of infectious virus particles by transient co-expres-
sion of human immunodeficiency virus type 1 gag mutants. J Gen Virol. 1997; 78(10): 2497–501.

40. Ferris AL, Hizi A, Showalter SD, Pichuantes S, Babe L, Craik CS, et al. Immunologic and proteolytic
analysis of HIV-1 reverse transcriptase structure. Virology. 1990; 175(2): 456–64. PMID: 1691562

p6pol Required for HIV-1 Maturation

PLOS ONE | DOI:10.1371/journal.pone.0127974 June 1, 2015 17 / 18

http://dx.doi.org/10.1128/jvi.01532-09
http://dx.doi.org/10.1128/jvi.01532-09
http://www.ncbi.nlm.nih.gov/pubmed/19889767
http://dx.doi.org/10.1016/j.virol.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22104208
http://www.ncbi.nlm.nih.gov/pubmed/11416202
http://www.ncbi.nlm.nih.gov/pubmed/17096588
http://www.ncbi.nlm.nih.gov/pubmed/15642347
http://dx.doi.org/10.1128/jvi.02353-07
http://www.ncbi.nlm.nih.gov/pubmed/18321978
http://www.ncbi.nlm.nih.gov/pubmed/1647017
http://www.ncbi.nlm.nih.gov/pubmed/9525682
http://www.ncbi.nlm.nih.gov/pubmed/15527852
http://dx.doi.org/10.1074/jbc.274.31.21539
http://www.ncbi.nlm.nih.gov/pubmed/10419458
http://dx.doi.org/10.1021/bi972059x
http://www.ncbi.nlm.nih.gov/pubmed/9485357
http://www.ncbi.nlm.nih.gov/pubmed/7745738
http://dx.doi.org/10.1128/jvi.02603-08
http://www.ncbi.nlm.nih.gov/pubmed/19403679
http://dx.doi.org/10.1099/vir.0.816010
http://www.ncbi.nlm.nih.gov/pubmed/16760407
http://dx.doi.org/10.1073/pnas.90.19.9046
http://www.ncbi.nlm.nih.gov/pubmed/8105470
http://dx.doi.org/10.1371/journal.pone.0032845
http://www.ncbi.nlm.nih.gov/pubmed/22396796
http://www.ncbi.nlm.nih.gov/pubmed/2214018
http://dx.doi.org/10.1073/pnas.90.17.8033
http://dx.doi.org/10.1073/pnas.90.17.8033
http://www.ncbi.nlm.nih.gov/pubmed/8396259
http://www.ncbi.nlm.nih.gov/pubmed/1691562


41. Hizi A, McGill C, Hughes SH. Expression of Soluble, Enzymatically Active, Human Immunodeficiency
Virus Reverse Transcriptase in Escherichia coli and Analysis of Mutants. Proc Natl Acad Sci USA.
1988; 85(4):1218–22. doi: 10.1073/pnas.85.4.1218 PMID: 2448794

42. LiaoW-H, Wang C-T. Characterization of human immunodeficiency virus type 1 Pr160gag-pol mutants
with truncations downstream of the protease domain. Virology. 2004; 329(1): 180–8. PMID: 15476885

43. Louis JM, Nashed NT, Parris KD, Kimmel AR, Jerina DM. Kinetics and Mechanism of Autoprocessing
of Human Immunodeficiency Virus Type 1 Protease from an Analog of the Gag-Pol Polyprotein. Proc
Natl Acad Sci USA.1994; 91(17): 7970–4. doi: 10.1073/pnas.91.17.7970 PMID: 8058744

44. Pettit S, Lindquist J, Kaplan A, Swanstrom R. Processing sites in the human immunodeficiency virus
type 1 (HIV-1) Gag-Pro-Pol precursor are cleaved by the viral protease at different rates. Retrovirology.
2005; 2(1): 66. doi: 10.1186/1742-4690-2-66

45. Chatterjee A, Mridula P, Mishra RK, Mittal R, Hosur RV. Folding Regulates Autoprocessing of HIV-1
Protease Precursor. J Biol Chem 280: 11369–11378. PMID: 15632156

46. Ishima R, Torchia DA, Louis JM (2007) Mutational and Structural Studies Aimed at Characterizing the
Monomer of HIV-1 Protease and Its Precursor. J Biol Chem. 2005; 282(23):17190–9. doi: 10.1074/jbc.
M701304200 PMID: 17412697

47. Louis JM, Clore GM, Gronenborn AM. (Autoprocessing of HIV-1 protease is tightly coupled to protein
folding. Nat Struct Mol Biol. 1999; 6(9): 868–75.

48. Dautin N, Karimova G, Ladant D. Human Immunodeficiency Virus (HIV) Type 1 Transframe Protein
Can Restore Activity to a Dimerization-Deficient HIV Protease Variant. J Virol.2003; 77(15): 8216–26.
doi: 10.1128/jvi.77.15.8216–8226.2003 PMID: 12857890

49. Pettit S, Gulnik S, Everitt L, Kaplan A. The dimer interfaces of protease and extra-protease domains in-
fluence the activation of protease and the specificity of GagPol cleavage. J Virol. 2003; 77:366–74. doi:
10.1128/JVI.77.1.366–374.2003 PMID: 12477841

50. Aldovini A, Young RA. Mutations of RNA and protein sequences involved in human immunodeficiency
virus type 1 packaging result in production of noninfectious virus. J Virol. 1990; 64(5): 1920–6. PMID:
2109098

51. Berkowitz RD, Luban J, Goff SP. Specific binding of human immunodeficiency virus type 1 gag polypro-
tein and nucleocapsid protein to viral RNAs detected by RNAmobility shift assays. J Virol. 1993; 67
(12):7190–200. PMID: 8230441.

52. De Rocquigny H, Gabus C, Vincent A, Fournie-Zaluski MC, Roques B, Darlix JL. Viral RNA annealing
activities of human immunodeficiency virus type 1 nucleocapsid protein require only peptide domains
outside the zinc fingers. Proc Natl Acad Sci USA. 1992. 89(14): 6472–6. PMID: 1631144.

53. Quillent C, Borman AM, Paulous S, Dauguet C, Clavel F. Extensive Regions of pol Are Required for Ef-
ficient Human Immunodeficiency Virus Polyprotein Processing and Particle Maturation. Virology. 1996;
219: 29–36. PMID: 8623542

p6pol Required for HIV-1 Maturation

PLOS ONE | DOI:10.1371/journal.pone.0127974 June 1, 2015 18 / 18

http://dx.doi.org/10.1073/pnas.85.4.1218
http://www.ncbi.nlm.nih.gov/pubmed/2448794
http://www.ncbi.nlm.nih.gov/pubmed/15476885
http://dx.doi.org/10.1073/pnas.91.17.7970
http://www.ncbi.nlm.nih.gov/pubmed/8058744
http://dx.doi.org/10.1186/1742-4690-2-66
http://www.ncbi.nlm.nih.gov/pubmed/15632156
http://dx.doi.org/10.1074/jbc.M701304200
http://dx.doi.org/10.1074/jbc.M701304200
http://www.ncbi.nlm.nih.gov/pubmed/17412697
http://dx.doi.org/10.1128/jvi.77.15.82168226.2003
http://www.ncbi.nlm.nih.gov/pubmed/12857890
http://dx.doi.org/10.1128/JVI.77.1.366374.2003
http://www.ncbi.nlm.nih.gov/pubmed/12477841
http://www.ncbi.nlm.nih.gov/pubmed/2109098
http://www.ncbi.nlm.nih.gov/pubmed/8230441
http://www.ncbi.nlm.nih.gov/pubmed/1631144
http://www.ncbi.nlm.nih.gov/pubmed/8623542

