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Abstract

Nef is an important player for viral infectivity and AIDS progression, but the mechanisms involved are not completely
understood. It was previously demonstrated that Nef interacts with GagPol through p6*-Protease region. Because p6* and
Protease are involved in processing, we explored the effect of Nef on viral Protease activity and virion assembly. Using
in vitro assays, we observed that Nef is highly capable of inhibiting Protease activity. The IC50 for nef-deficient viruses in
drug susceptibility assays were 1.7- to 3.5-fold higher than the wild-type counterpart varying with the type of the Protease
inhibitor used. Indicating that, in the absence of Nef, Protease is less sensitive to Protease inhibitors. We compared the
protein content between wild-type and nef-deficient mature viral particles by gradient sedimentation and observed up to
2.7-fold reduction in the Integrase levels in nef-deficient mature particles. This difference in levels of Integrase correlated
with the difference in infectivity levels of wild type and nef-deficient viral progeny. In addition, an overall decrease in the
production of mature particles was detected in nef-deficient viruses. Collectively, our data support the hypothesis that the
decreased infectivity typical of nef-deficient viruses is due to an abnormal function of the viral Protease, which is in turn
associated with less mature particles being produced and the loss of Integrase content in these particles, and these results
may characterize Nef as a regulator of viral Protease activity.
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Introduction

Nef is a crucial factor for virion infectivity and HIV-1 and

SIVmac pathogenesis. The major phenotype associated with Nef

expression is the increase in virus infectivity (up to 40-fold when

comparing wild-type and nef-deleted viruses) [1,2]. In addition,

patients infected with nef-deleted viruses seldom progress to AIDS

and therefore belong to the 10% of HIV-1 infected patients who

are regarded as long-term non-progressors (LTNPs) [3].

The classical functions of Nef involve the downmodulation of

several immune receptors (such as CD4, MHC-I and MHC-II),

modulation of cellular signaling pathways [4–7], as well as

modulation of secretory pathways [8]. Additionally, accumulation

of reverse transcription products during the initial steps of the viral

DNA synthesis only occurs in the presence of Nef [8–13].

However, these functions alone cannot explain the increase in viral

infectivity due to Nef. For instance, a number of studies now

disregard the role of CD4 downmodulation in the viral infectivity

increase due to Nef [14–16].

Another crucial determinant for high viral infectivity is the

correct processing of the precursor polyproteins [17–19]. The

processing of the structural and enzymatic polyproteins Gag and

GagPol is performed by the viral protease (PR), which is itself part

of the GagPol precursor protein. The PR activation needs to be

precisely regulated to produce fully infectious viral progeny.

Changes in both order and moment of cleavages may alter the

structure or content of virions, causing them to be noninfectious

[20–22].

It was previously reported that Nef physically interacts with the

p6* region of GagPol, described as having a role in regulating PR

activity [23,24]. In fact, it has been proposed that p6* may act as a

zymogen, inhibiting PR activation until the appropriate point in

time [25]. Based on this hypothesis, our objective was to

investigate the possible impact of Nef on the regulation and

processing of PR.

The importance of Nef for pathogenesis and to contribute to an

accelerate rate of disease progression is very well established and

seems to be related to Nef’s ability to help the virus escape the host

immune response. Nonetheless, the role of Nef in generating fully

infectious viral progeny may not be related to its influence on the

rate of progression toward AIDS because the generation of fully

infectious viral progeny is also observed in in vitro assays [16].

Because Nef is a multifunctional protein, it is reasonable to

hypothesize that these two effects are due to separate functions

achieved by Nef interaction with distinct protein partners. The

elucidation of the mechanism responsible for the increase in

infectivity is of great importance and might culminate in the

development of new therapeutics to treat or cure AIDS.

We found that Nef directly inhibits PR activity and that the

IC50 values of commercial PR inhibitors when using nef-deleted

viruses are consistently higher than the values obtained for the WT
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virus, indicating a diminished PR sensitivity to these drugs and

suggesting that PR is overactive in the absence of Nef. This faster

processing was associated with loss of Integrase (IN) content in

budding particles and with an overall reduction in the production

of mature viral particles. Moreover, the reduction in infectivity of

nef-deficient mature viral particles correlates with the reduction in

IN incorporation within these particles. These results can explain

the mechanism by which Nef increases the infectivity of the viral

progeny, and characterize Nef as an important regulator of PR

activity. Thus, Nef can be target for antivirals aiming to disrupt the

relationship between Nef and PR, which would have dire

consequences to the HIV replicative cycle.

Materials and Methods

Antibodies, Antiretroviral Drugs and Vectors
Polyclonal anti-CA, anti-MA and anti-IN were used as primary

antibodies for the detection of HIV-1 proteins in WB assays. All

these antibodies were obtained through the NIH AIDS Research

& Reference Reagents Program. Anti-RT was donated by Dr.

Stuart Le Grice, anti-IN by Dr. Duane P. Grandgenett [26] and

anti-MA by Dr. Paul Spearman. Primary monoclonal anti-a-
tubulin antibody was purchased from Sigma Aldrich, St. Louis,

MO. Secondary horseradish peroxidase-conjugated antibodies

(GE Healthcare Life Sciences, Fairfield, USA) were also used and

were detected by enhanced chemiluminescence (Thermo Fisher

Scientific, Rockford, USA). The antiretroviral drugs lopinavir,

darunavir, efavirenz and atazanavir sulfate were also obtained

through the AIDS Reagent Program, Division of AIDS, NIAID,

NIH. The plasmid DNAs encoding replication-competent HIV-1

proviruses were from HIV-1 NL4-3 and NL4-3DNef [27] or

pBR43eGnef+ and pBR43eGnef2 [28,29].

Eukaryotic Cells and Transfections
Adherent cell lines Hek-293T and TZM-bl were grown in

DMEM supplemented with 10% fetal calf serum and streptomy-

cin-penicillin. Transfections were performed with Fugene 6

(Promega, Madison, WI) according to the manufacturer’s instruc-

tions or by using the CaCl2 transfection method. The suspension

cell line MOLT4 clone 8 was grown in RPMI medium

supplemented with 10% fetal calf serum, GlutaMAX (Life

Technologies) and streptomycin-penicillin. Transfections were

performed by electroporation using the Neon Transfection System

(Life Technologies) with the following program: 1400 mV, 3

pulses, 10 ms. When necessary, cell lysates were harvested using

RIPA buffer (10 mM Tris-HCl [pH 7.5], 5 mM EDTA, 150 mM

NaCl and 0.1% NP-40). The MOLT4 clone 8 and TZM-bl cell

lines were obtained through the NIH AIDS Reagent Program,

Division of AIDS, NIAID, NIH, from Dr. Ronald Desrosiers [30]

and from Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme

Inc., respectively.

Density Gradient Assays
For the sucrose gradient assays, viruses were produced either in

Hek-293T cells or MOLT4 clone 8 cells. For the production of

viruses in Hek-293T cells, 36106 cells were transfected with 20 mg
of the HIV-1 or HIV-1DNef plasmid using the CaCl2 transfection

method, and the supernatant was harvested 24 hours later. For the

sucrose or Iodixanol gradient (Sigma Aldrich, St. Louis, MO)

assays using viruses produced in MOLT4 cells, 36106 cells were

electroporated (Neon Transfection System by Invitrogen, Carls-

bad, CA) with 30 mg of the HIV-1 or HIV-1DNef plasmid, and the

supernatant was harvested 24 hours later. To separate the cell-free

supernatants containing virus particles, continuous density gradi-

ents were prepared by overlaying 2 ml of a 70% sucrose solution

prepared in STE buffer (100 mM NaCl, 10 mM Tris pH 8,

1 mM EDTA) with 6 ml of 30% sucrose-STE and letting the

gradients rest at 4uC overnight. Filtered cell-free supernatants

(3 ml) were loaded on top of the gradient, and the volume was

brought up to 12 ml with PBS. The tubes were centrifuged

(100,000 g, 16 h, 4uC) in a Beckman SW-41 rotor (Beckman

Coulter, Palo Alto, CA). Twelve fractions were collected from the

top to bottom of each tube and were assayed using an HIV-1 p24

Antigen ELISA kit (ZeptoMetrix Corporation, Buffalo, USA) and

WB. For the WB analyses, the fractions were loaded after protein

precipitation with 20% TCA.

The Iodixanol gradients were prepared using the methodology

already described [31], with some adaptations. The gradient

consisted of eight layers of 1 ml each spanning 9.6% to 18%, and

layered with 4 ml of cell free supernatant.

One-round Drug Susceptibility Assay
For the one-round drug susceptibility assay, viruses were

produced by the transfection of MOLT4 or Hek-293T cells with

same amounts of the HIV-1 or HIV-1DNef plasmids, and the cells

were non-treated and treated with increasing concentrations of the

corresponding drug: lopinavir, atazanavir, tipranavir and nevir-

apine for viruses produced in Hek-293T cells and darunavir for

viruses produced in MOLT4 cells. For the Hek-293T-produced

viruses, 1.256105 cells were co-transfected with 500 ng of the

HIV-1 or HIV-1DNef plasmid and 250 ng of a GFP-expressing

vector using the Fugene 6 (Promega, Madison, WI) transfection

method. Five hours after adding the transfection mix to the cells,

medium containing increasing concentrations of lopinavir, ataza-

navir, tipranavir and nevirapine was added. For the one-round

susceptibility assay using viruses produced in MOLT4 cells, 36106

cells were electroporated (Neon Transfection System by Invitro-

gen, Carlsbad, CA) with 30 mg of the HIV-1 or HIV-1DNef

plasmid and 15 mg of a GFP-expressing vector. Six hours later,

26105 cells were plated in six-well plates, and medium containing

increasing concentrations of darunavir was added. At 24 hours

p.t., the supernatant and lysate samples were harvested. The

supernatants were clarified to remove cell debris by centrifugation

at 5,000 g for 3 minutes. An aliquot of supernatants harvested

from non-treat NL4-3 and NL4-3DNef were used for measure-

ment of p24-CA content by ELISA for in order to confirm equal

levels of viral progeny release. Equal volumes of each supernatant

were used to infect TZM-bl indicator cell line in order to access

viral infectivity. Values of viral infectivity were treated indepen-

dently for NL4-3 and NL4-3DNef, raw values were transformed to

percentage of virus infectivity assuming the non-treated condition

as 100%. Concentration-response curves and IC50 values were

conveniently fitted using Hill 4-parameter non-linear regression.

Regression and statistical analyses were performed using Graph-

Pad Prism 6 software (GraphPad Software Inc., La Jolla, CA). P

values smaller than 0.05 were considered significant. At least three

independent experiment for each virus was performed in

duplicates.

The remaining supernatant was concentrated by a 16,000 g

spin for 2 hours. Three-quarters of the supernatant was discarded

carefully from the top of the liquid, and the concentrated

supernatant used for the WB analyses. The harvested lysates were

also used for WB analyses in order to confirm equivalent levels of

protein expression in each condition.

Kinetic Analyses of PR Activity
To verify the effect of Nef on PR activity in vitro, we performed

an assay utilizing the clarified lysate of HIV-1 PR-expressing E. coli
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as the source of recombinant PR. Two bacterial clones were used.

A Codon Plus E. coli (Agilent Technologies, Palo Alto, CA)

transformed with the pET11a HIV-1 subtype B PR vector [32]

and control non-transformed Codon Plus E. coli. A total of 5 ml of

pre-inoculum was prepared in LB medium containing 34 mg/ml

of chloramphenicol (for both bacteria) and 50 mg/ml ampicillin

Figure 1. Nef effects in PR activity in vitro. (A) SDS-PAGE of purified GST-Nef fusion (lane 1) and GST (lane 2) proteins stained with Coomassie
Blue. Molecular weights (MW) are shown on the left. (B) WB of the lysate of E. coli expressing HIV-1 Protease (PR) (lane 1) and a lysate control (LC) (lane
2). *Denotes the detection of two nonspecific bands only in the LC. (C) Protease activity measured by the cleavage of a specific FRET substrate over a
2-hour interval. Substrate cleavage allows emission of light and is represented by the y-axis. All conditions were tested in triplicate. RLU – Relative
light units.
doi:10.1371/journal.pone.0095352.g001

Figure 2. HIV-1DNef is less sensitive to Protease Inhibitors. HIV-1 and HIV-1DNef viruses were produced in Hek-293T cells treated with
increasing concentrations of LPV or in MOLT4 cells treated with increasing concentrations of DRV. The infectivity of the viral progeny was measured in
TZM-bl cells, and dose-response curves and IC50 values were fitted using Hill 4-parameter non-linear regression. (A) The concentration-response
curves for HIV-1 and HIV-1DNef in the presence of LPV. (B) The concentration-response curves for HIV-1 and HIV-1DNef in the presence of DRV.
Representative of three experiments.
doi:10.1371/journal.pone.0095352.g002
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(only for the pET11a-transformed bacteria). Cultures were grown

at 37uC with stirring at 150 rpm for 16 h. After this step, 3 ml of

the pre-inoculum was added to 150 ml of LB medium containing

the appropriate antibiotics. The OD600 nm was measured over

time until it reached 0.7, when 1 mM IPTG was added to the

culture to induce protein expression. Two hours later, the bacteria

were collected by centrifugation for 30 minutes at 5,000 g in a

Sorvall RC-5b centrifuge, lysed by sonication and centrifuged

again to separate the clarified supernatant from the cell debris.

The clarified supernatant was used in the enzymatic reaction,

which was performed using the HIV-1 PR assay kit from

ProteinOne. In this assay, we used 20 ml of the clarified lysate

and added GST-Nef or GST at two different concentrations

(0.5 mM and 0.25 mM) or pepstatin (2 mM). The volume was then

brought up to 50 ml using the kit’s Assay Buffer. An aliquot of

50 ml of the specific HIV-1 PR FRET substrate (2 mM) was then

added. Upon cleavage, a fluorescent molecule is released, and its

concentration can be monitored at excitation/emission wave-

lengths of 490 nm/530 nm. The fluorescence emission was

measured 45 times over a 2-hour period using a Victor X3

fluorimeter (Perkin Elmer, Waltham, MA). A lysate control was

also performed using the lysate from non-transfected bacteria

treated under the same experimental conditions. All conditions

were analyzed in triplicate.

Densitometry Analyses
Densitometry measurements were performed using the untreat-

ed raw scan of the western blots films. The image file was aligned

and cropped using Photoshop CS5. For the comparison of

different samples from different viruses the membranes were

treated in parallel and exposed on the same film using the same

procedure and materials (eg. antibody dilutions, ECL reagent),

then a single montage containing all the samples was used. Only

non-saturated exposures were used for densitometry. At least three

different unsaturated exposures were analyzed and the data was

used only when the results were reproducible among them. The

images were analyzed using Scion Image software (Scion

Corporation) using the gelplot2 macro or on ImageJ (NIH) using

the Gel function to calculate the area under the curve (AUC) of the

band of interest. The values were normalized by fixing the HIV-1

AUC to 1 and calculating the relative fold-difference of HIV-

1DNef.

Statistical Analyses
All statistical analyses were performed using GraphPad Prism 6

software (GraphPad Software Inc., La Jolla, CA). Paired Student’s

t tests were used to assess statistical significance in pairwise

comparisons. For analyses of normalized values, one sample t tests

were performed against a hypothetical value of 1 (representing the

HIV-1 reference values). For the one-round drug susceptibility

assays the concentration-response curves and IC50 values were

fitted using Hill 4-parameter non-linear regression using the

normalized infectivity levels as the data source. p values smaller

than 0.05 were considered significant.

Results

A GST-Nef Chimera Directly Inhibits PR Activity In vitro
Nef expression in the producer cell and precise PR regulation

are two essential factors for high viral infectivity, however, the

direct impact of Nef on PR activity have never been investigated.

To assess this possible effect, we performed an in vitro kinetic

analysis of PR activity in the presence of 0.5 mM or 0.25 mM of a

GST-Nef fusion protein or GST as control. The levels and purity

of both GST-Nef fusion protein and GST are shown in Figure 1A.

The clarified lysate of E. coli expressing HIV-1 PR was used as the

source of active PR, and the lysate of E. coli that expressed no PR

was used as control (LC) (Figure 1B). PR activity was assessed by

the cleavage of a specific HIV-1 PR substrate consisting of the

MA-CA cleavage site conjugated to a FRET fluorophore pair at

2 mM. The aspartyl protease inhibitor Pepstatin (data not shown),

and the specific inhibitor of HIV-1 protease saquinavir (Figure S1)

were used as controls for HIV-1 PR inhibition. Readings were

taken 45 times over a 2-hour period. PR activity was inhibited up

to 5-fold using 0.5 mM of GST-Nef fusion protein, which

corresponds to 1:4 molar ratio to the PR substrate, whereas no

inhibition was observed in the presence of GST alone (Figure 1C).

We also observed that the PR inhibition occurred with a lower

concentration (0.25 mM) of the chimeric GST-Nef, albeit resulted

in less inhibition of PR activity.

The use of clarified PR-expressing bacterial lysates was due to

several unsuccessful attempts to recover an active protease after

purification. The fact that PR activity was equal in the presence of

substrate alone or in the presence of GST indicates that the PR

inhibition in the presence of the GST-Nef chimera was not due to

contaminants in the lysate. Moreover, the absence of cleavage

when the lysate control was used and the inhibition of PR by the

specific inhibitor saquinavir guarantee that the cleavage seen with

the clarified lysate of E. coli expressing HIV-1 PR is due the

specific activity of HIV-1 PR.

These data demonstrate that HIV-1 Nef specifically and directly

inhibits PR activity.

HIV-1DNef is Less Sensitive to Protease Inhibitors
The sensitivity of PR to Protease Inhibitors (PI) is expected to be

influenced by any change in the levels of PR activity, and the

Table 1. Increased concentrations of Protease Inhibitors are required to inhibit HIV-1DNef.

Drug HIV-1 IC50 HIV-1DNef IC50 p Class Cell

Darunavir 0.17 nM 0.60 nM ,0.001 PI MOLT4

Lopinavir 2.83 nM 5.84 nM 0.005 PI Hek-293T

Atazanavir 0.28 nM 1.84 nM 0.005 PI Hek-293T

Tipranavir 6.864 nM 7.638 nM 0.830 PI* Hek-293T

Nevirapine 114.6 nM 170.8 nM 0.753 NNRTI Hek-293T

PI – Protease Inhibitor;
NNRTI – Non Nucleosidic Reverse Transcriptase Inhibitor.
*Non-peptidomimetic protease inhibitor.
doi:10.1371/journal.pone.0095352.t001
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previous experiment showed Nef alters PR activity. Therefore we

sought to evaluate whether Nef+ and Nef2 viruses would have

different levels of sensitivity to PIs. We performed an one-round

drug susceptibility assay with two isogenic molecular clones of

HIV-1, NL4-3 (henceforth referred to as HIV-1) and NLDNef

(henceforth referred to as HIV-1DNef). Transfected cells (Hek-

293T or MOLT4 clone 8) were maintained in the presence of

increasing concentrations of PIs (lopinavir, LPV, or darunavir,

DRV) for a 24-hour period, when the viral progeny was harvested

and titrated in the TZM-bl indicator cell line. The viral titers were

used to calculate the IC50 of each PI for each virus using the Hill

4-parameter non-linear regression. The calculated IC50 values of

LPV and DRV for the WT virus were 2.83 nM and 0.17 nM,

respectively (Fig. 2A and B and Table 1). For the HIV-1DNef

virus, the calculated IC50 value of LPV was 2-fold higher

(5.84 nM, p=0.005) and that of DRV was 3.5-fold higher

(0.6 nM, p,0.001) (Fig. 2 A and B and Table 1).

Western-blotting analyses of the viral progeny released from

Hek-293T cells in the presence of lopinavir revealed that less Gag

accumulates in HIV-1DNef with increasing concentrations of LPV

when compared with the wild type HIV-1 (Figure S2). Moreover,

the accumulation of Integrase in viral particles also differs in HIV-

1 and HIV-1DNef viruses, indicating that nef-deleted viruses have

differences in PI susceptibility compared to wild type viruses.

One-round drug susceptibility assays were also performed using

atazanavir, another PI, tipranavir, a non-peptidomimetic PI, and

nevirapine, a Non-Nucleoside Reverse Transcriptase Inhibitor

(NNRTI), as a control. The IC50 of atazanavir for HIV-1DNef

was 6.6-fold higher than that for WT HIV-1 (1.84 nM versus

0.58 nM, p=0.0276), indicating that higher concentrations of PIs

are required to decrease the infectivity of the nef-deficient viruses to

50% than to decrease the infectivity of WT HIV-1 virus. However,

there was no difference in the IC50 of tipranavir for HIV and

HIV-1DNef, suggesting that differences in the mechanism of

action of PIs might determine the sensitivity of HIV-1DNef to PIs.

As expected, the difference in the IC50 of nevirapine between the

two viruses was not statistically significant, indicating that this

property is restricted to peptidomimetic PIs (Table 1). Altogether,

these results indicate that in the absence of Nef the viral PR is less

sensitive to peptidomimetic PIs.

Analyses of Mature Viral Particles in Wild Type and Nef-
deleted Viruses
Previous results pointed out to a possible difference in the

processing rate between wild type and nef-deleted viruses, which

would impact on the quantity and/or quality of released viral

progeny. To check for differences between HIV-1 and HIV-DNef

particles, Hek-293T cells were transfected with HIV-1 and HIV-

1DNef infectious clones. The culture supernatants were collected

24 h p.t. and directly applied to the top of a 30–70% continuous

sucrose density gradient, to allow the analysis of particles in

distinct maturation stages. The fractions were analyzed to

determine the contents of Reverse Transcriptase (RT), IN and

CA. The RT content was used as a marker to identify the fractions

that harbored mature viral particles. The first fractions obtained

from the top of the gradient (#1 through 4) represent soluble

proteins, the intermediate fractions (#5 through 7) represent

immature viral particles (5 to 7), and the bottom fractions (#8

through 10) represent mature viral particles. We observed that for

the HIV-1 virus, fraction 9 was the peak for mature viral particles,

whereas for the HIV-1DNef virus, mature particles were

distributed between fractions 8 and 9 (Figure 3A, compare lanes

8 through 10 with lanes 18 through 20). The levels of CA in the

mature particles differed between the HIV-1 and HIV-1DNef

viruses, with 30% less CA content on HIV-1DNef, p=0.061

Figure 3. HIV-1 and HIV-1DNef mature particles have different protein content and distribution on a density gradient. HIV-1 and HIV-
1DNef virions were produced in Hek-293T cells and separated using a 30–70% continuous sucrose density gradient. Ten fractions were collected from
top to bottom and numbered #1 through #10 accordingly. The fractions were analyzed to determine the content and distribution of IN (top panel)
and CA (lower panel). (A) Protein content of soluble proteins (fractions #1–4), immature particles (#5–7) and mature particles (#8–10) for the HIV-1
(left panels) and HIV-1DNef viruses (right panels). (B) The CA content of cell-free supernatants before fractionation. (C) Quantification of the amount
of CA in fractions #8–10. (D) Quantification of the amount of IN in fraction #8–10. *p=0.061, **p=0.036. The WB and ELISA results presented are
representative of three experiments, CA and IN values are triplicates.
doi:10.1371/journal.pone.0095352.g003
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(Figs. 3A and C). Importantly, the CA levels in the cell supernatant

before fractionation were similar for the two viruses (Fig. 3B),

indicating that the observed difference in the protein contents

could not be accounted for by differences in particle production.

Moreover, a clear difference in the content of IN was observed

between the two viruses. The quantification of the IN content of

the mature HIV-1 particles also showed 1.6-fold more IN than in

the mature HIV-1DNef particles, p=0.036 (Figs. 3A and D).

These results indicate that the HIV-1DNef viral progeny is more

heterogeneous, with fewer mature viruses produced and a less IN

content relative to HIV-1.

To confirm these results, the same analyses were performed

with viral particles produced in a CD4+ lineage using two different

types of gradients. The MOLT4 clone 8 cell line is a lymphocytic

lineage in which the difference in the infectivity levels of the HIV-1

and HIV-1DNef viral progeny varies from 10- to 40-fold

(Figure 4A and 5B). MOLT4 cells were electroporated with

HIV-1 and HIV-1DNef infectious clones. Cell-free supernatants

containing viral particles were harvested 24 h p.t. and loaded on

the top of a 30–70% continuous sucrose density gradient (Figure 4)

or on the top of a 9.6–18% Iodixanol continuous density gradient

(Figure 5). Iodixanol gradients exclude vesicles contamination,

refining even further our experiments. Cell lysates and cell-free

supernatants from the HIV-1 and HIV-1DNef viruses were

analyzed before fractionation, and these viruses were found to

have equivalent levels of viral protein expression (Fig. 4B) and

equivalent amounts of viral particle production (Figs. 4C and 4D).

The distribution of mature particles measured by the CA

content was equivalent between HIV-1 and HIV-1DNef viruses,

with particles concentrated in fractions 10 and 11 in the sucrose

gradient (Fig. 4E) and fractions 8 and 9 in iodixanol gradients

(Fig. 5A). However, the difference in the absolute protein levels

was striking. Taking both gradients together, the CA content of

HIV-1DNef mature viruses was 2.5-fold lower than in HIV-1,

p=0.002 (Fig. 4F). Content of MA protein was also altered on

HIV-1DNef mature viruses, 1.87-fold lower, p=0,059 (Fig. 4G).

The IN content was also 2.7-fold higher in the mature HIV-1

particles than in the HIV-1DNef mature particles (Fig. 4H). Taken

the results of all gradients together, the mean of the difference of

IN levels between wild type and nef-deleted viruses after

Figure 4. Distribution and protein content differ between HIV-1 and HIV-1DNef viral particles produced in MOLT cells. HIV-1 and HIV-
1DNef virions were produced in MOLT cells and separated using a 30–70% continuous sucrose density gradient. Twelve fractions were collected from
top to bottom and numbered #1 through #12 accordingly. The fractions were precipitated with 20% TCA and analyzed by WB. (A) Infectivity levels
of the viral progeny produced in MOLT cells. (B) Lysates of HIV-1- and HIV-1DNef-transfected cells, showing equivalent levels of viral protein
expression. (C) Cell-free supernatants of HIV-1- and HIV-1DNef-transfected cells, showing equivalent levels viral release. (D) CA content of cell-free
supernatants before separation by the density gradient as measured using a p24-ELISA. (E) CA (top panel), IN (middle pannel) and MA (bottom
pannel) protein content of mature particles. The top three panels represent the fractions for HIV-1, and the bottom three panels represent the
fractions for HIV-1DNef. (F) Quantification of the amount of CA in mature fractions after densitometry, *p= 0.002. (G) Quantification of the amount of
MA in mature fractions after densitometry, **p= 0.059 (H) Quantification of the amount of IN in mature particles after densitometry. The results
presented are representative of three experiments.
doi:10.1371/journal.pone.0095352.g004
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normalization against the difference in the amount of mature

particles, given by the CA content, was 2.5-fold (p=0.036, Figure

S3). These results confirm the previous results obtained with the

viral particles produced in Hek-293T cells; and the discrepancy

between the HIV-1 and HIV-1DNef protein levels in mature

particles was more prominent.

Using Iodixanol gradients, we were able to assess directly the

infectivity of viral particles in each fraction. The protein content

distribution along the gradient coincides with the distribution of

infectious particles for HIV-1 viruses (compare Figs. 5A and 5B).

Nonetheless, for HIV-1DNef, even though the protein content was

concentrated on the same fractions as the HIV-1 infectious viruses

were, the number of infectious particles was lower than that of

HIV-1. Due to technical constrains we were not able to normalize

the viral inoculum against the difference in the amount of CA in

fractions 8 and 9 between the two viruses. Therefore the 6.5-fold

difference in the number of infectious HIV-1 and HIV-1DNef

mature particles might be related both to the less amount of these

particles being produced and/or the deleterious effect of less

amount of IN present in the HIV-1DNef particles (Fig. 5B).

These results demonstrate that nef-deficient viral particles have

deficiencies in maturation and protein content and that this

discrepancy is related to the difference in PR activity between the

HIV-1 and HIV-1DNef viruses and altogether might explain, why

nef-deficient viruses are less infectious.

Discussion

In this study, we characterized the ability of Nef to inhibit PR

activity in vitro. The nef-deficient viruses exhibited diminished

sensibility to PIs, associated with the reduced production of mature

viral particles and to the reduction of IN incorporation into

mature viral particles. These differences could account for the

decreased infectivity of HIV-1DNef viral progeny.

Figure 5. CA, MA and IN levels differ between mature HIV-1 and HIV-1DNef viral particles produced in MOLT cells. HIV-1 and HIV-
1DNef virions were produced in MOLT cells and separated using a 9.6–18% continuous optiprep density gradient. Twelve fractions were collected
from top to bottom and numbered #1 through #12 accordingly. The fractions were precipitated with 20% TCA and analyzed by WB to determine
the contents and distributions of CA (top panel), MA (middle panel) and IN (bottom panels). Left panels represent the fractions for HIV-1, and the
right panels represent the fractions for HIV-1DNef. (A) The protein contents of the mature particles for the HIV-1 (left) and HIV-1DNef viruses (right).
(B) Numbers of blue-foci of non-fractionated supernatant (sn) and non-preciptated fractions for each virus. *Denotes the detection of a nonspecific
band. The result presented is the mean of three experiments.
doi:10.1371/journal.pone.0095352.g005
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In our assays, we observed that a GST-Nef fusion protein had

the specific ability to inhibit HIV-1 PR activity in vitro. The GST

protein alone had no influence on PR activity, and previous studies

have demonstrated that GST proteins, per se, do not have

inhibitory effects on PR activity [33]. These results suggest that

the inhibition observed with the GST-Nef fusion protein is due

specifically to Nef. The mechanism by which Nef inhibits PR

in vitro could be due to competitive inhibition, with Nef functioning

as a substrate for PR, as Nef is known to be cleaved by this enzyme

[34,35]. However, a non-competitive model of inhibition cannot

be excluded because the FRET substrate was provided at a

fourfold to eightfold excess relative to the concentration of the

GST-Nef fusion protein. Nonetheless, the observed inhibition with

the Nef:substrate ratio used herein was greater than that expected

for a competitive inhibition. Moreover, the SQNY/PIV cleavage

site present in the FRET substrate is known to be the second most

preferred cleavage site in Gag (representing the MA-CA bound-

ary) and has a high affinity constant [36]. The affinity constant of

PR for the ACAW/LEAQ cleavage site in Nef has never been

characterized.

Our one-round drug susceptibility assay was designed to assess

the differences in PR susceptibility to PIs, which are known to be

influenced by changes in PR activity, in the presence or absence of

Nef. As for the classical phenotyping assays, we can compare the

sensitivity of different viruses by comparing the calculated IC50

values for a specific drug. It must be noted that the IC50 values

can be compared only with other IC50 values calculated using the

same method, as the differences in the nature of the assay do not

allow comparisons with IC50 values calculated using classical

phenotyping assays, that, for instance, use multiple rounds of

infection and use cellular viability as the read-out. In this work, we

tested viruses produced in different cell lines in the presence of

different PIs. The nef-deficient viruses were consistently less

sensitive to PIs than the wild-type viruses under all these

conditions, thus indicating that either PR is more active in the

absence of Nef or that Nef influences PR’s exposure to PIs, making

PR more accessible to these drugs. The evidence indicates that

protein-protein interactions can alter the accessibility of a substrate

to the enzyme [37]. Nonetheless, we found that nef-deficient

viruses consistently exhibited a higher CA/Gag ratio when

compared to wild type viruses (data not shown). The CA/Gag

ratio has been classically considered a good indicator of the PR

processivity [25], supporting that the PR activity is increased in the

absence of Nef. Some mutations in PR result in a slower

processing rate in a global manner; these mutations include

T26S, G86A, K45I/L90M, K45I/V82S, D30N/V82S and

N88D/L90M [38–40]. In fact, there is evidence showing that

the complementation of a PR-defective infectious clone with a PR

harboring the T26S mutation in trans mostly overcomes the

necessity of Nef for viral infectivity (unpublished data).

Several systems developed for the screening of new antiretro-

viral compounds use a reporter gene in place of the nef ORF to

facilitate the read-out [41,42]. The results presented herein suggest

that the absence of Nef expression in these systems will influence

the results for compounds targeting PR; therefore, we suggest that,

at least for PR inhibitor candidates, other screening systems should

be used. Screening assays for IN inhibitors may also take

advantage of using nef positive reporter constructs, since Nef

impacts the amount of incorporated IN within viral particles.

It has been established that the processing of Gag and GagPol

does not occur during the early stages of assembly because the

premature activation of PR would lead to a loss of protein content

in the viral particles [21,43,44]. During viral assembly, PR activity

is inhibited both by the interaction of p6* in GagPol with the

active site of PR [25,45] and by the oligomerization of Gag and

GagPol, which interferes with GagPol dimerization [46]. Nef

interacts with GagPol and is a substrate for PR [23,47–50];

therefore, the participation of Nef in this process is possible.

Moreover, it has been recently demonstrated that by increasing

the amount of Gag at cell membrane and promoting the

processing of this polyprotein, Nef would play a role in viral

maturation [51].

The results of this study showed that up to 2.7-fold less IN is

incorporated into viral particles in the absence of Nef. The

boundary between RNaseH and IN is one of the most preferred

site cleaved during the processing of GagPol [52]. Premature PR

activation can lead to premature processing at this specific

cleavage site and would consequently influence the incorporation

of IN into viral particles because IN does not possess the proper

signals for translocation to the membrane or other ways to attach

itself to the site of assembly. This can be a possible explanation for

the lower IN content seen in nef-deficient particles in this study,

however more studies are needed to prove that the increased PR

activity is the cause of the lower IN content of nef-deficient mature

particles.

Several other studies have identified the deleterious effects of

increased processing on viral infectivity [53,54]. The co-transfec-

tion of PBMCs with an infectious provirus and a vector that

overexpresses PR in a Tat- and Rev-dependent manner led to the

accelerated processing of Gag and GagPol, resulting in a 40-fold

decrease in viral infectivity [54]. Interestingly, the same reduction

in viral infectivity was observed in nef-deficient particles produced

in PBMCs when compared with wild-type particles [9].

Previous comparisons of the contents of structural and

enzymatic protein did not show any difference between wild-type

and nef-deleted viruses [11,55]. However, KHAN and colleagues

analyzed the protein contents in unfractionated viral particles,

whereas FORSHEY & AIKEN compared only the CA contents

between the two viruses produced from Hek-293T cells. As

demonstrated herein, only after viral particle fractionation is the

difference in the CA, MA and IN contents noted because these

differences occur specifically in mature viral particles. Most past

studies analyzed the contents of particles generated over a period

of at least 48 hours after transfection [11,55]. All the results

showed in this study were performed with viruses produced over a

24 hour period, as we saw that the greatest differences between the

two viruses could be observed in this time frame. We hypothesize

that two are the causes of this phenomenon. First, although the

processing speed is higher in the absence of Nef, the amount of

precursor available for cleavage is the same, and eventually both

viruses reach a plateau where cleavage no longer occurs. Second,

shorter expression times allow less saturation of the bands in the

WB, improving the visualization of differences and the densitom-

etry analyses.

The codependent incorporation of the viral constituents adds

complexity to the interpretation of our data. Once we describe a

phenomenon that alters the ratio of proteins in the virus, it is hard

to find a viral constituent that can be used as a control for the

number of particles being produced. Therefore, the HIV-1DNef

mature particles may contain fewer structural and enzymatic

proteins than wild type mature particles, but the number of

particles that achieve maturation can be the same, which would

represent a qualitative defect. Another possibility is that the

absence of Nef would reduce the number of mature particles

produced, which represents a quantitative defect. The lower

infectivity found in mature nef-deficient particles does not coincide

with the lower CA or MA content seen on them. This points out

that even though the HIV-1DNef viruses have sedimentation rates
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correspondent to the mature infectious particles, they lack

infectivity. This suggests that the defect caused by the absence of

Nef, and consequent loss of PR regulation, is not restrained to

simply a smaller number of mature particles produced, and that

there should be another factor that contributes to the smaller

infectivity of HIV-1DNef particles. One factor that fits very well in

this context is the lower IN content seen on HIV-1DNef mature

particles. The difference of structural proteins (CA and MA)

content on mature particles fractions was about 2-fold between

HIV-1 and HIV-1DNef. Nonetheless, the difference in infectivity

levels was 6.5-fold. This argue that, even if the number of mature

particles produced was the same in both viruses, the HIV-1DNef

mature particles would still be threefold less infectious than wild

type mature particles. Suggesting that the absence of Nef causes

quantitative and qualitative defects in mature viral particles.

During the viral replicative cycle, the regulation of PR can be

the result of a direct interaction between Nef and PR or the

synergy of Nef, p6*, PR and other viral or host proteins to

modulate PR activity. Although our in vitro assay demonstrates

that Nef is able to directly inhibit PR activity, there should be a

mechanism to relieve Nef’s inhibition and allow proper Gag and

GagPol processing. It also remains to be determined whether in

the absence of Nef there is an overall increase in the PR

processivity rate or the earlier activation of the enzyme. In the

latter case, the Nef-PR interaction may interfere with PR-PR

dimerization and therefore delay activation until the optimal time

point during viral budding.

Our data also reconcile the previously published results

demonstrating that although the exogenous RT activity of nef-

deleted virions does not differ from that of wild-type virions, a

deficiency in the accumulation of newly synthesized cDNA in

infected cells is observed in the former [9]. It has been

demonstrated that IN is a co-factor for reverse transcription

[56,57]. Lower levels of this enzyme in the viral progeny could

affect the efficiency of the early steps of reverse transcription in the

incoming virus, thus explaining why treatments that induce the

natural endogenous reverse transcription (NERT) step can restore

the loss of infectivity of nef-deleted particles [11].

The results presented herein converge to a model in which Nef

acts as a regulator of PR activity, delaying its activation until the

appropriate time during the HIV-1 replication cycle. The lack of

Nef would therefore cause PR to become overactive, leading to the

faster processing of structural and enzymatic viral polyproteins,

culminating in abnormalities in enzyme content and the produc-

tion of fewer mature particles. This model can also perfectly

explain why viruses that do not express Nef can be up to 40 fold

less infective than their wild-type counterparts in different cell

lines. This work shows that the lack of Nef negatively interfere on

the viral maturation step in the producer cell line, which will

impact on the integration and retrotranscription steps during the

infection of the new target cell. In the future, a drug that

counteracts Nef would be not only good by its own but it could

also synergize with the commercially available RT, PR and IN

inhibitors, which can be a great benefit to patients under HAART.

In summary, in this work we demonstrated for the first time that a

viral accessory protein is directly involved in PR regulation,

described a new mechanism of PR regulation and a new function

of Nef.

Supporting Information

Figure S1 Effect of SQV in PR activity in vitro. HIV-1

Protease (PR) activity measured by the cleavage of a specific

FRET substrate over a 40 minute interval. Increasing concentra-

tions of the Protease Inhibitor Saquinavir (SQV) were added to

show specific HIV-1 PR inhibition. Substrate cleavage allows

emission of light and is represented by the y-axis. RLU – Relative

light units. LC – Lysate Control.

(TIFF)

Figure S2 HIV-1DNef particles show increased Gag
processing and altered IN incorporation in the presence
of PIs. Hek-293T cells were transfected with HIV-1 and HIV-

1DNef infectious clones and treated with increasing concentrations

of LPV. Viruses were analyzed for Gag processing and IN content

by WB with anti-CA and anti-IN antibodies. (A) Gag processing

profile and IN content of HIV-1 (left panel) and HIV-1DNef

viruses (right panel). Arrows indicate the Gag precursor and the

processed MA-CA, CA and IN proteins. (B) The IN levels of each

lane. This experiment is representative of three experiments

performed.

(TIFF)

Figure S3 IN content is diminished in HIV-1DNef
mature particles even after CA normalization. Quantifi-

cation of the amount of IN on the mature fractions of all gradients

taken together after normalization by the CA content of each

fraction. AU – Arbitrary units of the densitometry. SEM –

Standard error of the mean.

(TIFF)
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