
JOURNAL OF VIROLOGY,
0022-538X/99/$04.0010

Feb. 1999, p. 1156–1164 Vol. 73, No. 2

Conserved Cysteines of the Human Immunodeficiency Virus Type 1
Protease Are Involved in Regulation of Polyprotein Processing

and Viral Maturation of Immature Virions
DAVID A. DAVIS,1* KEISUKE YUSA,2 LAURA A. GILLIM,1 FONDA M. NEWCOMB,1

HIROAKI MITSUYA,2 AND ROBERT YARCHOAN1

HIV and AIDS Malignancy Branch1 and Experimental Retrovirology Section,
Medicine Branch,2 National Cancer Institute, Bethesda, Maryland 20892

Received 21 July 1998/Accepted 19 October 1998

We investigated the role of the two highly conserved cysteine residues, cysteines 67 and 95, of the human
immunodeficiency virus type 1 (HIV-1) protease in regulating the activity of that protease during viral mat-
uration. To this end, we generated four HIV-1 molecular clones: the wild type, containing both cysteine resi-
dues; a protease mutant in which the cysteine at position 67 was replaced by an alanine (C67A); a C95A
protease mutant; and a double mutant (C67A C95A). When immature virions were produced in the presence
of an HIV-1 protease inhibitor, KNI-272, and the inhibitor was later removed, limited polyprotein processing
was observed for wild-type virion preparations over a 20-h period. Treatment of immature wild-type virions
with the reducing agent dithiothreitol considerably improved the rate and extent of Gag processing, suggesting
that the protease is, in part, reversibly inactivated by oxidation of the cysteine residues. In support of this,
C67A C95A virions processed Gag up to fivefold faster than wild-type virions in the absence of a reducing agent.
Furthermore, oxidizing agents, such as H2O2 and diamide, inhibited Gag processing of wild-type virions, and
this effect was dependent on the presence of cysteine 95. Electron microscopy revealed that a greater percentage
of double-mutant virions than wild-type virions developed a mature-like morphology on removal of the inhib-
itor. These studies provide evidence that under normal culture conditions the cysteines of the HIV-1 protease
are susceptible to oxidation during viral maturation, thus preventing immature virions from undergoing
complete processing following their release. This is consistent with the cysteines being involved in the regu-
lation of viral maturation in cells under oxidative stress.

Human immunodeficiency virus type 1 (HIV-1) encodes an
aspartyl protease which is responsible for the cleavage of the
Gag and Gag-Pol polyproteins during viral maturation and is
therefore critical for production of mature viral particles (22).
Maturation of HIV-1 begins as the virus particle buds from the
cell membrane, with polyprotein processing being complete
during or soon after the release of the virion from the cell
(14–16, 21). The released mature viral particles contain a con-
densed core, consisting predominantly of the p24 capsid and p7
nucleocapsid proteins, surrounded by the viral membrane con-
taining the p17 matrix protein. The viral maturation process
can be blocked by the use of HIV-1 protease inhibitors, and as
a result, the cell releases immature viral particles which are
noninfectious (1, 11, 13, 27, 30, 32, 34, 42).

A number of groups, including ours, have studied the ability
of isolated immature virions to undergo polyprotein processing
following removal of various HIV-1 protease inhibitors from
the virus preparations (11, 27, 32, 34, 42). This has been ex-
plored, in part, to assess the potential for immature virions to
mature and become infectious if protease inhibitor levels were
to drop during AIDS therapy. These studies have demon-
strated that immature virions can undergo limited polyprotein
processing following inhibitor removal, as evidenced by West-
ern blot analysis (11, 27, 32, 34, 42). However, in all cases, the
infectivity of the immature viral particles did not increase fol-
lowing removal of protease inhibitors. Our group has also been

studying this process to obtain a better understanding of the
timing and sequence of events involved in HIV-1 maturation.
Previously, we were able to partially restore polyprotein pro-
cessing following removal of HIV-1 protease inhibitors from
immature virions (11). However, even after 48 h, notable levels
of unprocessed Gag remained. This was consistent with the
observation of only a few partially condensed cores by electron
microscopy (EM), with the majority of virions maintaining an
immature morphology.

These studies indicated that restoration of protease activity
within these virions was not complete. We hypothesized that
this might be due in part to inactivation of the protease as a
result of oxidation of one or both of the conserved cysteine
residues in the enzyme (11). Although neither of the cysteine
residues is required for basal enzyme activity, oxidation of
either residue can lead to inhibition of protease activity (6).
Cysteine 95, a residue located at the dimer interface, is com-
pletely conserved in wild-type isolates of HIV-1, and simple
oxidation of this residue in vitro leads to inactivation of the
protease (19, 20, 31). In addition, we have found that the
formation of a disulfide bond between this cysteine and the
ubiquitous cellular thiol glutathione (termed glutathionyla-
tion) leads to complete but reversible inactivation of the en-
zyme (6, 7). A decrease in protease activity can also be
achieved by chemical oxidation of cysteine 67, another highly
conserved residue (6, 20). However, modification of cysteine
67 by glutathione can actually increase protease activity and
stabilize the enzyme, suggesting that the chemical nature of the
modification is an important determinant of the effect on ac-
tivity (6). We have proposed that these reversible modifica-
tions may, under certain cellular conditions, occur in the viral
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life cycle and regulate protease activity during virus budding
(7). To better understand the role that the two conserved
cysteine residues of the HIV-1 protease might play in viral
maturation, we generated four HIV-1 molecular clones: wild-
type HIV-1, HIV-1 with an alanine substituted for the cysteine
at position 67 (C67A), HIV-1 with an alanine substituted for
the cysteine at position 95 (C95A), and HIV-1 with alanines
substituted for the cysteines at both positions (C67A C95A).
Immature virions of each infectious molecular clone were then
produced in the presence of KNI-272, a potent HIV-1 protease
inhibitor (14), and the ability to restore Gag polyprotein pro-
cessing was studied under various conditions following removal
of the inhibitor.

MATERIALS AND METHODS

Construction of HIV-1 molecular clones. pSUM9 contains full-length HXB2RIP7
(29) in which the XmaI site has been introduced in pol (nucleotide 2589 of
HXB2RIP7). All mutations were made from a subclone of pSUM9 (40) con-
taining the ApaI-XmaI fragment (nucleotides 2006 to 2595 of HXB2RIP7) in the
pGEM7f(2) vector (Promega, Madison, Wis.) (pGAX9). The Cys-to-Ala sub-
stitution at position 67 and/or 95 of the protease was created by PCR with
primers containing the mutations. The PCR was performed with the plasmid
pGAX9 as a template and either the forward primer 59GCTGGACATAAAGC
TATAGGTACAGTA39 and the 59-phosphorylated reverse primer 59GATTTC
TATGAGTATCTGATCATA39 (for a Cys-to-Ala substitution at position 67) or
the forward primer 59GGTGCCACTTTAAATTTTCCCATTAGCCCT39 and
the 59-phosphorylated reverse primer 59AATCTGAGTCAACAGATTTCTTC
C39 (for a Cys-to-Ala substitution at position 95). The PCR products were
subsequently self-ligated following digestion of template pGAX9 with DpnI. The
sequences of the PCR-amplified mutated segments were verified after cloning.
The cloned ApaI-XmaI fragments containing the substitutions at positions 67 and
95 were designated pGAX-C67A and pGAX-C95A, respectively. Similarly, the
double mutant, with Cys-to-Ala substitutions at positions 67 and 95, was created
by employing the same procedure with the respective primer pair to yield pGAX-
C67/95A. pGAX-C67A, pGAX-C95A, and pGAX-C67/95A were cleaved with
ApaI and XmaI, and the respective fragments were inserted between the same
sites in plasmid pSUM9 to yield pSUM-C67A, pSUM-C95A, and pSUM-C67/
95A, respectively.

Transfection and virus preparation. To generate infectious HIV-1 molecular
clones, COS-7 cells were transfected with the plasmids by using Lipofectamine
(Life Technologies, Gaithersburg, Md.) as described previously (45). COS-7 cells
were maintained in Dulbecco modified Eagle’s medium (DMEM) (Advanced
Biotechnologies Inc., Columbia, Md.) supplemented with 10% heat-inactivated
fetal calf serum, 50 U of penicillin per ml, 50 mg of streptomycin per ml, and 2
mM glutamine. For transfection, 2 3 105 COS-7 cells were seeded in a six-well
plate. At 16 h postinoculation, the cells were incubated for 4 h with the com-
plexes of the plasmid (2 mg) and Lipofectamine (12 ml) in 1 ml of serum-free
DMEM, washed once with serum-free DMEM, and resuspended in 2 ml of
RPMI 1640 (Life Technologies) supplemented with 10% heat-inactivated fetal
calf serum. At 24 h posttransfection, 3 3 105 MT-2 cells were added for prop-
agation of virus. Another 24 h later, the culture medium were harvested, cleared
of cells and debris by centrifugation (10 min at 1,000 3 g), and used for infection
of H9 cells for 2 h. The cells were then washed twice with phosphate-buffered
saline and resuspended in complete medium. After 7 days, infection of H9 cells
was verified by determining the presence of p24 in the culture medium. These
chronically infected cells were maintained for use in generating immature virions
as described below. The presence of introduced mutations and the absence of
unintended mutations were reconfirmed by DNA sequencing of the protease-
encoding region from the proviral DNA isolated from mutant-virus-infected
cells. Sequencing was done a second time, using viral supernatants following
long-term culture of H9 cells, and the protease mutations were found to be
maintained.

Preparation of immature virions and viral polyprotein processing experi-
ments. H9 cells, chronically infected with each of the viral clones as described
above, were incubated at a density of 5 3 105 per ml in complete medium
(consisting of RPMI 1640 medium, 2 mM L-glutamine, 50 U of penicillin/ml, and
50 mg of streptomycin/ml [all from Gibco Laboratories, Rockville, Md.]) in the
presence of the HIV-1 protease inhibitor KNI-272 (5 mM) (14) at 37°C in an
atmosphere of 5% CO2. On day 4, the cells were washed by centrifugation
(1,000 3 g for 10 min) to remove any residual mature virions in the medium and
then incubated for 4 to 5 days in the presence of fresh medium containing
KNI-272. The cells were then centrifuged as before, and the medium, containing
immature virions in the presence of KNI-272, was stored in liquid nitrogen in
1-ml aliquots. For polyprotein processing experiments, 1-ml aliquots of the
immature virions were thawed at room temperature and then centrifuged at
100,000 3 g for 35 min at 4°C. The supernatants were then removed by aspira-
tion, and the viral pellets were each resuspended in 1 ml of conditioned H9
medium in the absence of protease inhibitor, maintained at 4°C, and centrifuged

as before. This washing step was repeated once. This procedure, which is similar
to that described previously (11), has been shown to reduce the concentration of
KNI-272 in the viral pellets to less than 1 nM. Following removal of the inhibitor,
the viral pellets were resuspended in sufficient conditioned medium (4- to 5-day-
old medium in which were cultured uninfected H9 cells) to normalize the virus
particle counts for the wild-type and mutant virions (the volume required ranged
from 75 to 150 ml). We previously demonstrated that measurable but limited
polyprotein processing occurs in immature wild-type virions following removal of
the protease inhibitor (11). More-recent studies in our laboratory on the pro-
cessing of wild-type virions demonstrated that the use of conditioned medium
improved the rate of processing over that achieved with fresh medium. This
increased rate of processing observed with conditioned medium was found to be
primarily due to its lower pH (approximately 6.0). This observation is consistent
with previous reports showing that a pH of 5.5 to 6.0 is optimal for protease
activity in vitro (4, 10, 31, 35). We have confirmed that lowering the pH of fresh
medium from 7.2 to 6.0 with sodium acetate buffer leads to improved polyprotein
processing of immature virions. For the studies presented here, we used condi-
tioned medium for postrelease processing experiments in an attempt to maxi-
mize the rate of polyprotein processing and to simulate the conditions under
which mature virions are normally produced.

Polyprotein processing was initiated by incubating aliquots (usually 10 ml per
condition) of the immature virions in conditioned medium at 37°C for various
periods of time and under a variety of conditions of treatment. To study the effect
of dithiothreitol (DTT) or diamide on viral processing, 103 stock solutions of
DTT (1 to 1,000 mM), H2O2 (0.05 to 0.5 mM), and diamide (0.1 to 10 mM) were
prepared, and following removal of KNI-272, 1-ml volumes of the stocks were
added to 9-ml quantities of the viral preparations. After incubation of the prep-
arations for 20 h at 37°C, polyprotein processing was terminated by the addition
of 10 mM KNI-272 or saquinavir (Ro318959; Roche Research Center, Welwyn
Garden City, Hertfordshire, United Kingdom; a kind gift of Ian Duncan) fol-
lowed by sodium dodecyl sulfate (SDS) sample buffer (23) containing 100 mM
DTT. These samples were then analyzed for the extent of polyprotein processing
by Western blot analysis of the different Gag viral protein products as described
below.

Western blotting. Samples were electrophoresed on a 10% bis-Tris polyacryl-
amide gel with 2-(N-morphilino)ethanesulfonic acid (MES) running buffer, using
the NuPage system (Novex, San Diego, Calif.). Proteins were electroblotted onto
nitrocellulose, and p55Gag, Gag intermediates, and the mature p24 capsid protein
were detected with a mouse monoclonal anti-p24 antibody (Intracel, Cambridge,
Mass.). The identity of p24 in viral preparations was previously confirmed (11) by
using a p24 protein standard (Advanced Biotechnologies Inc.). The matrix pro-
tein, p17, was also detected on blots, using a mouse monoclonal anti-p17 anti-
body which has no reactivity to p55Gag (Advanced Biotechnologies Inc.). The
band detected with the p17 antibody was found to migrate to a position corre-
sponding to the expected molecular mass of 17 kDa, as determined by compar-
ison to the migration positions of SeeBlue prestained markers (Novex). Blots
were incubated with both antibodies for 2 h and then with an anti-mouse sec-
ondary antibody conjugated to alkaline phosphatase for 30 min. Bands were
detected by using the Western Blue stabilized substrate for alkaline phosphatase
(Promega). Densitometry analysis of the Western blots representing time course
experiments was performed with the ImageQuant software from Molecular Dy-
namics (Sunnyvale, Calif.). The time required to decrease the level of p55Gag by
50% following removal of the protease inhibitor from each of the different virus
preparations was determined. In some cases, blots were probed with other
HIV-1-specific antibodies, including antinucleocapsid antibody (obtained as a
kind gift from Larry Arthur, National Cancer Institute, Frederick, Md.) or a
monoclonal anti-reverse transcriptase or anti-integrase antibody (Intracel).

Viral particle counts. Viral particle counts were performed on aliquots of
immature virions in order to normalize the amount of virus used in viral pro-
cessing experiments. Counts were done by EM in a manner similar to that
described previously (11). Briefly, viral suspensions were centrifuged at
100,000 3 g for 30 min and the pellets were resuspended in phosphate-buffered
saline at 1/20 of the original volume. Eighteen microliters of each virus sample
was mixed with an equal volume of a latex sphere solution (110-nm-diameter
latex spheres, 1.5 3 1010 particles per ml; Structure Probe, Inc., West Chester,
Pa.) in a microfuge tube. Aliquots (2.0 ml) of each virus-latex sphere sample,
diluted 1:10 in ultrapure water, were placed on separate grids and allowed to dry.
The samples were fixed, stained, and then examined in a JEOL model 100CX
transmission electron microscope. Four random fields from each sample grid
were closely examined, and latex spheres and virus particles were enumerated
until 1,000 latex spheres were counted. The concentration of virus particles per
milliliter in the original suspension was determined with the following formula:
(number of virus particles counted) 3 (1.5 3 1010 particles/ml)/(number of latex
spheres counted) 3 20.

Infectivity assay. The infectivity of viral supernatants was assessed by the
syncytium assay of Johnson and Byington (12). However, MT-2 cells were used
in place of H9 cells in this assay. Wells that were scored positive for syncytia were
subjected to a p24 radioimmunoassay (DuPont, Wilmington, Del.) for confirma-
tion of positivity.

EM. To evaluate the morphology of viral particles following removal of the
protease inhibitor, EM analysis was carried out on viral pellets. Electron micro-
graphs were produced 24 h following removal of the protease inhibitor from
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wild-type and protease double-mutant virion preparations. As a control, electron
micrographs of an identical preparation of virions washed free of inhibitor, but
then incubated for 24 h following the readdition of inhibitor (5 mM) to specifi-
cally prevent processing due to the activity from the HIV-1 protease, were also
produced. For each sample used in EM analysis, a 20-ml preparation of imma-
ture virions was centrifuged and the pellet was washed free of protease inhibitor
as described above. The pellets were then resuspended in conditioned medium
and incubated for 24 h at 37°C. Following incubation, all samples (0.8 ml) were
treated with HIV-1 protease inhibitor to prevent any further processing and then
centrifuged at 100,000 3 g for 30 min. The viral pellets were treated with 100 ml
of fresh glutaraldehyde solution (2.5%) for 2 h. Each pellet was then rinsed
gently three times with 200 ml of Millonig’s 0.13 M sodium phosphate buffer and
then maintained at 4°C. Following fixation, the pellets were minced into small
pieces, washed in Millonig’s sodium phosphate buffer, and stored overnight at
4°C. Each sample was postfixed in 1.0% osmium tetroxide and then washed. The
samples were then stained with 2.0% aqueous uranyl acetate, dehydrated in a
series of graded ethanol solutions, and infiltrated and embedded in Spurr’s
plastic resin. The blocks were polymerized overnight at 70°C. An embedded
block for each sample was ultrathin sectioned by using a Reicher-Jung Ultracut
E ultramicrotome. Sections 60 to 80 nm in thickness were collected from each
sample and mounted onto mesh copper grids. The grids from each sectioned
block were then poststained with 2.0% aqueous uranyl acetate and Reynold’s
lead citrate. The grids were then intensively examined in a Hitachi model HU-
12A transmission electron microscope. Representative photomicrographs of
each sample were produced.

RESULTS

Characterization of wild-type and mutant molecular clones.
To study the possible role of the conserved cysteine residues of
the HIV-1 protease in polyprotein processing, we produced the
wild-type clone and three mutant clones, replacing one or both
of the cysteines within the protease with alanine. Single-site
mutants, with either cysteine 67 or cysteine 95 being replaced
by alanine, and a double mutant with both cysteines being
replaced by alanine were produced (Fig. 1). It should be noted
that enzymatic studies of the HIV-1 protease recombinant
forms containing these mutations demonstrated that the activ-
ity of each of these proteases is similar to that of the wild-type
enzyme when tested under reducing conditions with a standard
HIV-1 peptide substrate spanning the p17-p24 junction of Gag
(6).

The wild type and all of the mutant virus clones were able to
replicate in H9 cells, as evidenced by the presence of p24 in the
media of infected cells (the range of p24 values obtained from
cultures of the different clones was one- to threefold different
from that of the wild type). The virus produced from chroni-
cally infected H9 cells in the presence or absence of 5 mM
KNI-272 was pelleted, normalized for total viral particle num-

ber, and then analyzed by Western blotting with a combination
of anti-p17 and anti-p24 monoclonal antibodies as described in
Materials and Methods. The Western blot profiles for p17- and
p24-reactive bands of the different viral clones were indistin-
guishable, suggesting that viral maturation in infected cells was
not noticeably altered by the introduced mutations (Fig. 2A).
The mature viral products corresponding to p17 and p24 were
readily detected (Fig. 2A), as were small amounts of unproc-
essed p55Gag and the partially processed p41Gag. There was
also an unidentified band migrating at approximately 34 kDa
which might represent dimeric forms of p17, since it was not
detected with the anti-p24 antibody alone (data not shown).
Thus, as expected from in vitro studies of the forms of the
HIV-1 protease with mutations at the cysteine residues, virions
encoding these mutant proteases apparently undergo polypro-
tein processing similar to that of the wild-type virus in H9 cells.
In the presence of 5 mM KNI-272, a potent HIV-1 protease
inhibitor, p24 was no longer detected. The major antibody-
reactive bands observed for all four viral clones corresponded
to unprocessed p55Gag, p47, and p41, in addition to higher-
molecular-weight bands corresponding to p165Gag-Pol (Fig. 2B).
The high-molecular-weight bands were also detected with both
anti-reverse transcriptase and anti-integrase antibodies, con-
firming them as Gag-Pol-derived proteins (data not shown).
Gag-Pol and partially processed forms of Gag-Pol detected in
the presence of protease inhibitors have been described pre-
viously (28). The detection of p47 and small amounts of p17 in
the presence of KNI-272 (Fig. 2B) suggested that HIV-1 pro-
tease activity in the infected cells was not completely abolished.

Substitution of alanine for cysteines 67 and 95 of the HIV-1
protease results in enhanced polyprotein processing of imma-
ture virions. Removal of the protease inhibitor KNI-272 from
the preparations of immature virions by dilution and centrifu-
gation resulted in the detection of polyprotein processing as
early as 1 h postremoval for the wild-type and mutant virions,
although to different extents (Fig. 3). Processing for all the
virus clones was characterized by a decrease in p55 and p47
and the accumulation of the mature viral proteins p17 and p24.
Processing at early time points was most notably evidenced by
the appearance of mature viral p17 (viral p17 was more readily
detected on blots than was viral p24) (Fig. 3). However, the

FIG. 1. Schematic representation of the Gag-Pol polyprotein of HIV-1. The
region of the protease (PR) sequence containing the cysteine-to-alanine muta-
tions (in boldface and underlined) is shown for each of the mutant clones
generated in this study. Each HIV-1 plasmid construct was introduced into
COS-7 cells for the generation of virus used to infect H9 cells. WT, wild type;
MA, matrix; CA, capsid; RT, reverse transcriptase; IN, integrase.

FIG. 2. Western blot analysis of the four viral clones in the absence (A) or
presence (B) of protease inhibitor. Viral particles produced in the absence (2)
or the presence (1) of the protease inhibitor KNI-272 were obtained from the
supernatants (1.0 ml) of infected H9 cells by centrifugation. Gag-related proteins
were detected with a combination of anti-p17 antibody and anti-p24 antibody as
described in Materials and Methods. Lanes: 1, virus obtained from H9 cells
infected with wild-type virus; 2, virus obtained from H9 cells infected with C67A
virus; 3, virus obtained from H9 cells infected with C95A virus; 4, virus obtained
from H9 cells infected with C67A C95A virus. The positions of Gag and Gag-
derived proteins are indicated to the right of each blot. In panel B, the location
of Gag-Pol is also indicated.
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rate of processing for the wild type was substantially lower than
that for the double mutant, suggesting that the presence of the
cysteine residues decreases the rate of processing. Densitom-
etry analysis of the remaining p55 at the different time points
indicated that the rate of processing for the double mutant was
more than five times higher than that measured for the wild
type (p55 was decreased by 50% within 0.75 h for the double
mutant versus 4 h for the wild type). In addition, viral p24 was
recognized only 20 h after the inhibitor was removed from the
preparations of wild-type immature virions, whereas the dou-
ble-mutant virions produced similar levels of p24 within just
4 h after removal of the inhibitor (Fig. 3). Perhaps the most
striking difference observed in polyprotein processing between
the wild-type and double-mutant virions was the complete and
rapid loss of both p55 and p47 in the double mutant after only
4 h of incubation, while the wild type still contained these
precursors after 20 h of incubation (Fig. 3, top panel). This
difference between wild-type and double-mutant viral polypro-
tein processing was also observed when blots were probed with

an anti-nucleocapsid protein antibody which readily detects the
p55 and p47 precursor polyproteins in addition to the mature
nucleocapsid protein (data not shown).

For the single-mutant proteases, the rates of polyprotein
processing were similar (Fig. 3, bottom panel). Although mu-
tating either one of the two cysteines seemed to improve the
rate of processing, the absence of cysteine 95 appeared to have
a greater overall impact throughout our studies. Densitometry
analysis of p55Gag at the different time points indicated that the
rates of processing for both the C67A and C95A virions were
nearly two times higher than that measured for the wild-type
(p55 was decreased by 50% within 2.25 and 2 h, respectively,
for the single mutants, compared to 4 h for the wild type).
Taken together, these results indicate that the presence of
either cysteine residue in the protease limits polyprotein pro-
cessing in immature virions following removal of the protease
inhibitor.

DTT enhances polyprotein processing in virions whose pro-
tease contains cysteine residues. Previous studies have shown
that oxidation of cysteine 95 leads to inhibition of HIV-1 pro-
tease activity while oxidation of cysteine 67 can either decrease
or increase protease activity, depending on the oxidizing agent
used (6, 7, 19, 20). Thus, the limited processing in wild-type
virions following removal of the protease inhibitor could be
due to oxidative inactivation of the cysteine residues in the
wild-type protease. To address this possibility, wild-type and
mutant immature virions were treated with DTT following
removal of the protease inhibitor, and the extent of polypro-
tein processing over time was then evaluated. Treatment of
immature wild-type virions with 50 mM DTT substantially en-
hanced the rate of polyprotein processing in these virions, but
the same treatment somewhat decreased the rate of processing
in the immature double-mutant virions (compare Fig. 3, top
panel, with Fig. 4, top panel). There was a noticeable decrease
in the levels of the Gag polyprotein precursors p55 and p47
within 4 h after the removal of KNI-272 from wild-type imma-
ture virions treated with DTT, as well as a corresponding
increase in p17 and p24 (Fig. 4, top panel). Densitometry
analysis of the remaining p55 at the different time points indi-
cated that the wild-type and double-mutant virions now pro-
cessed at similar rates (p55 was decreased by 50% within 0.75 h
for the wild type versus 1 h for the double mutant). By 20 h, a
majority of the p41 in the wild-type virions was also processed
to the mature products, p17 and p24, which did not occur in the
absence of DTT over the same time period (compare Fig. 4,
top panel, with Fig. 3, top panel). By contrast, DTT decreased
the rate of processing for the double-mutant virions to a level
below that seen for the wild-type virions (Fig. 4, top panel). A
dose-response experiment with increasing concentrations of
DTT indicated that as little as 100 mM DTT was effective at
substantially improving processing for the wild-type virions
while causing a slight decrease in processing for the double-
mutant virion preparation (data not shown). DTT also im-
proved the processing for the C67A virions while having a
slight inhibitory effect on the C95A virions (compare Fig. 4,
bottom panel, with Fig. 3, bottom panel). Densitometry anal-
ysis of the remaining p55 at the different time points indicated
that the C67A and C95A virions now processed at rates similar
to the wild type when incubated in the presence of DTT (p55
was decreased by 50% within 0.75 h for both the C67A and
C95A virions). These data support the hypothesis that the
cysteines in immature virions can become reversibly oxidized
and that this oxidation leads to decreases in the rate and extent
of polyprotein processing following removal of the inhibitor.

Effect of oxidizing agents on HIV-1 polyprotein processing.
To further study the effect of cysteine oxidation on polyprotein

FIG. 3. Western blot analysis of polyprotein processing of immature viral
preparations following removal of the protease inhibitor. Each preparation of
immature virus, obtained as described in Materials and Methods, was incubated
in medium at 37°C for up to 20 h, and aliquots were removed at the times
indicated above the lanes. Protease activity was stopped by the addition of 10 mM
protease inhibitor and SDS sample buffer. Blots were probed with a combination
of anti-p17 and anti-p24 monoclonal antibodies. The positions of Gag-Pol and
Gag-derived proteins are indicated to the right of each blot. (Top panel) Wild-
type and double-mutant viral preparations; (bottom panel) C67A and C95A viral
preparations.
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processing, we utilized oxidizing agents, including diamide and
hydrogen peroxide. We hypothesized that oxidation of the
cysteine residues would inhibit protease activity and thus pre-
vent the limited processing seen in the wild-type virions fol-
lowing removal of the protease inhibitor. Consistent with this
hypothesis, treatment of virions with the sulfhydryl-reactive
agent diamide (23, 38, 41) at 10, 100, or 1,000 mM followed by
incubation at 37°C for 20 h resulted in a dose-dependent in-
hibition of polyprotein processing in the immature wild-type
virion preparations but had little effect on the processing of
double-mutant virion preparations (Fig. 5, top panel). Com-
plete inhibition of processing was obtained with 1,000 mM
diamide, and this effect was evidenced not only by the absence
of Gag processing but also by the continued presence of
p165Gag-Pol and Gag-Pol-derived polyproteins. However, con-
centrations of diamide as high as 1,000 mM had almost no
effect on the processing of Gag and Gag-Pol in immature
double-mutant virion preparations (Fig. 5, top panel). Diamide
treatment also decreased the processing of Gag and Gag-Pol in

the C67A virions but had a limited effect on such processing in
the C95A virions (Fig. 5, bottom panel). The strong inhibitory
effect of diamide on polyprotein processing of the C67A im-
mature virions again demonstrates the impact that oxidation of
cysteine 95 alone can have on protease activity. Similarly, treat-
ment of immature virion preparations with hydrogen peroxide
at 50, 100, and 500 mM inhibited polyprotein processing in a
dose-dependent manner for the wild-type immature virion
preparations. However, like diamide, hydrogen peroxide had
little effect on the double-mutant virion preparations (Fig. 6,
top panel). Also, hydrogen peroxide treatment decreased
polyprotein processing in the C67A immature virion prepara-
tions but had only a minor effect on such processing in the
C95A immature virion preparations (Fig. 6, bottom panel).
The results of these experiments correspond well with those of
our studies of the in vitro effect of H2O2 on the purified
proteases, which indicated that the wild-type protease is par-
ticularly more susceptible to hydrogen peroxide-mediated in-

FIG. 4. Western blot analysis of polyprotein processing of immature viral
preparations in the presence of DTT following removal of the protease inhibitor.
Each preparation of immature virus, obtained as described in Materials and
Methods, was incubated in medium in the presence of 50 mM DTT at 37°C for
up to 20 h, and aliquots were removed at the times indicated above the lanes.
Protease activity was stopped by the addition of 10 mM protease inhibitor and
SDS sample buffer. Blots were probed with a combination of anti-p17 and
anti-p24 monoclonal antibodies. The positions of Gag-Pol and Gag-derived pro-
teins are indicated to the right of each blot. (Top panel) Wild-type and double-
mutant viral preparations; (bottom panel) C67A and C95A viral preparations.

FIG. 5. Western blot analysis of polyprotein processing of immature viral
preparations in the presence of increasing concentrations of diamide following
removal of the protease inhibitor. Each preparation of immature virus, obtained
as described in Materials and Methods, was incubated in medium at 37°C for 20 h
in the presence of the indicated concentrations of diamide. The first lane (U) for
each viral preparation contained the unprocessed virus preparation following
removal of the protease inhibitor. Protease activity was stopped by the addition
of 10 mM protease inhibitor and SDS sample buffer. Blots were probed with a
combination of anti-p17 and anti-p24 monoclonal antibodies. The positions of
the viral proteins are indicated to the right of the blots. (Top panel) wild-type
and double-mutant viral preparations; (bottom panel) C67A and C95A viral
preparations.
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activation than any of the mutant proteases (data not shown).
Thus, two different oxidizing agents blocked polyprotein pro-
cessing of immature virions similarly, and this effect was de-
pendent on the presence of cysteines in the protease. These
results indicate that oxidation of cysteine 95 plays a more
important role than oxidation of cysteine 67 in the inhibition of
polyprotein processing.

Thin-section EM of immature virions following removal of
the protease inhibitor. Thin-section EM was performed on
mature virions and on immature virions before and after the
removal of KNI-272. The membranes of virus particles pro-
duced in the presence of KNI-272 were surrounded by elec-
tron-dense material which often resided mostly to one side of
the membrane (Fig. 7A and D). This is consistent with the
previously described immature morphology of virus produced
in the presence of protease inhibitors (13, 37). In the absence
of inhibitor, the particles contained dense cores, which were
sometimes cone shaped, and the membrane appeared rela-

tively translucent (Fig. 7B and E). This appearance is consis-
tent with a mature morphology (8). Following the removal of
KNI-272 from wild-type immature virion preparations and in-
cubation at 37°C for 24 h, 56% of the virions appeared to have
a mature-virion-like phenotype, with evidence of dense mate-
rial within the particle and decreased density around the viral
membrane (Fig. 7C). By contrast, 85% of the double-mutant
virions treated in the same manner had a mature morphology
(Fig. 7F). This increase in the number of mature-virion-like
particles over that for the wild type is consistent with the
greater extent of processing observed for the double mutant by
Western blot analysis. Interestingly, the percentages of virions
with the mature-virion-like phenotype for the wild type and
double mutant (56 and 85%, respectively) correspond closely
to the reductions in p55 following incubation for 20 h (55% for
the wild type and 87% for the double mutant). This may
indicate that a substantial morphological change occurs within

FIG. 6. Western blot analysis of polyprotein processing of immature viral
preparations in the presence of increasing concentrations of hydrogen peroxide
following removal of the protease inhibitor. Each preparation of immature virus,
obtained as described in Materials and Methods, was incubated in the presence
of the indicated concentrations of hydrogen peroxide at 37°C for 20 h. The first
lane (U) for each viral preparation contained the unprocessed virus preparation
following the removal of the protease inhibitor. Protease activity was stopped by
the addition of 10 mM protease inhibitor and SDS sample buffer. Blots were
probed with a combination of anti-p17 and anti-p24 monoclonal antibodies. The
positions of the viral proteins are indicated to the right of the blots. (Top panel)
Wild-type and double-mutant viral preparations; (bottom panel) C67A and
C95A viral preparations.

FIG. 7. Electron micrographs of virion preparations in the presence and
absence of protease inhibitor and following removal of the protease inhibitor and
incubation for 20 h. Following incubation of each virus preparation for 20 h at
37°C, the virions were pelleted and prepared for EM analysis as described in
Materials and Methods. (A and D) Wild-type and double-mutant (C67A C95A)
virions obtained from the media of H9 cells which were treated with 5 mM
KNI-272 protease inhibitor. The virions were then incubated for 20 h at 37°C
with continued presence of the inhibitor. (B and E) Wild-type and double-
mutant (C67A C95A) virions obtained from the media of untreated H9 cells and
incubated for 20 h at 37°C in the continued absence of the inhibitor. (C and F)
Wild-type and double-mutant (C67A C95A) virions obtained from the media of
H9 cells which were treated with 5 mM KNI-272 protease inhibitor; the inhibitor
was then removed from the viral preparations by repeated dilution and centrif-
ugation, and the preparations were then incubated for 20 h at 37°C. In panels C
and F, note the presence of some mature-virion-like particles as well as particles
which appear to be intermediate between mature (B and E) and immature (A
and D) virus particles. Magnifications, 345,000.
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the virion following the initial cleavages of p55. The change in
viral morphology is consistent with the observed restoration of
polyprotein processing as determined by Western blot analysis.
The dense cores of these particles often appeared somewhat
diffuse and resided closer to the viral membrane than those of
the mature-double mutant virion preparations produced in the
absence of protease inhibitor. This may indicate that certain
steps in polyprotein processing have not been completed in
these particles. These results are consistent with a majority of
the particles undergoing substantial but incomplete processing
rather than a few of the particles being processed to comple-
tion.

Immature virions remain noninfectious following removal
of the protease inhibitor. The infectivity of virions following
removal of KNI-272 and incubation for 20 h with or without
DTT was tested on MT-2 cells. Both the wild-type and double-
mutant immature virions remained noninfectious after incuba-
tion in the presence or absence of DTT (data not shown). The
lack of infectivity was not due to an insufficient quantity of
virus, since the concentration of p24 following incubation ex-
ceeded that of the mature viral preparations which retained
infectivity. Mature wild-type and double-mutant virions which
had undergone an identical treatment, including incubation for
20 h at 37°C, remained infectious. These data suggest that
immature virions, even those whose protease cannot be inac-
tivated by oxidation, may not undergo complete maturation
following removal of the protease inhibitor. Thus, the mainte-
nance or restoration of protease activity by preventing the
oxidation of the cysteine residues in the immature virions may
be essential, but not sufficient, to generate infectious particles
following removal of the protease inhibitor.

DISCUSSION

Immature viral particles released from HIV-1-infected cells
in the presence of protease inhibitors provide a useful model
system for delineation of the steps in retroviral polyprotein
processing and maturation. The results of this study suggest
that the cysteines of the HIV-1 protease are readily susceptible
to oxidation and that such oxidation can limit the rate and
extent of polyprotein processing of immature viral particles.
This conclusion is supported by the results showing that im-
mature viral particles from HIV-1 clones that lack the two
conserved cysteine residues of the protease undergo polypro-
tein processing at a higher rate and to a greater extent than
wild-type immature virions following removal of the protease
inhibitor KNI-272. Furthermore, the results obtained with
HIV-1 mutants containing only cysteine 67 or 95 indicate that
oxidation of cysteine 95 plays a more dominant role in limiting
the extent of processing observed in immature wild-type viri-
ons. This correlates well with in vitro studies demonstrating
that modification of cysteine 95 of the HIV-1 protease with a
number of different agents leads to inhibition of protease ac-
tivity (5, 19, 20, 31) while oxidation of cysteine 67 can have
variable effects (6, 7). The inhibition of protease activity as a
result of cysteine oxidation of the wild-type protease is clearly
a reversible phenomenon since it can be substantially reversed
by exposure of immature particles to the reducing agent DTT.
This appears to be due to an effect on the cysteine residues of
the protease since DTT treatment does not increase, but in fact
somewhat decreases, the polyprotein processing in virions
whose protease lacks the cysteine residues. This decrease in
polyprotein processing in the presence of DTT may be due to
an alteration in the structure of the Gag protein within virions
which alters the accessibility of the virion protease to its sub-
strate. If this is the case, the increased rate of processing in

wild-type virions in the presence of DTT may actually be un-
derestimated.

The limited protease activity that is observed in the wild-type
and C67A immature virions in the absence of a reducing agent
can be blocked by treating the virions with an oxidizing agent,
such as diamide or H2O2. This is likely caused by the oxidation
of cysteine 95 of the protease by these agents, as has been
observed in vitro (unpublished data). While the effects of the
oxidizing and reducing agents on viral maturation support a
role for the cysteines in regulating polyprotein processing, it
should be pointed out that these agents may have other effects
on viral particles that could contribute to nonspecific changes
in viral maturation. These include oxidation or reduction of
other critical cysteine residues in the viral Gag and Gag-Pol
proteins as well as nonviral proteins present within the virions.
The mechanisms that normally regulate the redox state of the
protease within infected cells remain to be determined. The
results of the present study indicate that both oxidized and
reduced forms of the protease exist in the virions and that
these forms are interchangeable.

Although wild-type immature virions incubated in the pres-
ence of a reducing agent undergo substantially more process-
ing than do untreated immature virions, they continue to be
noninfectious. It remains possible, however, that DTT has sec-
ondary effects on viral maturation and viral infectivity which
attenuate or nullify the infectivity of particles that otherwise
may fully mature and regain infectivity. EM analysis of parti-
cles following removal of the protease inhibitor and incubation
for 20 h showed that they had developed a mature-virion-like
morphology. However, the condensation of the core appeared
incomplete, and the core often resided very close to one side of
the viral membrane. Thus, the presence of the two reactive
cysteines in the HIV-1 protease may be only one of several
factors that prevent immature virions from undergoing com-
plete maturation following removal of the protease inhibitor.

The inability of the immature viral preparations to establish
infectivity following removal of the protease inhibitor may also
indicate that certain factors provided by the infected cell,
which are required for regulation of polyprotein processing
during the maturation phase, are no longer present within the
immature virions. Cellular and viral proteins in addition to
those viral proteins contained within the Gag and Gag-Pol
precursors (9, 46) have recently been suggested to play a role
in altering and/or regulating the activity of the protease. These
include the cellular proteins cyclophilin (43) and thioltrans-
ferase (7), as well as the viral protein Vif (24). While some of
these proteins are found within the virions, they may no longer
be present at the concentrations required for complete matu-
ration. For example, Vif, which is known to enhance the in-
fectivity of virions, is found at much higher levels in infected
cells than within virions (3). Interestingly, the morphology ob-
served for these virions is quite similar to that recently de-
scribed for HIV-1 clones with mutations in the basic residues
of the nucleocapsid (NC) domain, which were found to have
delayed proteolytic processing of the p15NC protein during
viral budding and severely impaired infectivity (39). Thus, the
timing of events during polyprotein processing and viral mat-
uration may be critical in establishing infectivity.

Cysteines 67 and 95 of the HIV-1 protease are both highly
conserved in HIV-1 isolates and are therefore quite likely to be
evolutionarily advantageous to the virus. We propose that
these cysteine residues play an important role in regulating the
rate of polyprotein processing under conditions of oxidative
stress, which in turn may be important for optimal viral pro-
duction and infectivity. A number of studies have focused on
the regulation or activation of protease activity during virus
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maturation since this step appears to be important in deter-
mining the resultant infectivity of the released particles. There
is evidence that either partial inhibition (17) or premature
activation (18) of the HIV-1 protease leads to a reduction in
the infectivity of the released viral particles. Interestingly, the
cytotoxicity and decreased particle formation arising as a result
of protease overexpression can be prevented by the use of low
levels of protease inhibitors (25). Together, these studies sug-
gest that HIV-1 establishes a defined level of protease activity
for optimal viral replication and the maintenance of cell via-
bility.

Oxidative stress is well known to increase the replication
rate of HIV-1 (2, 26, 33, 36, 44), and under these conditions
it may be necessary to regulate the activity of the protease
through redox mechanisms. This may prevent toxic effects of
the protease on infected cells and/or the initiation of apoptosis.
In this regard, glutathionylation, which occurs during oxidative
stress, was found to reversibly inhibit protease activity (6). The
activity could be readily restored by the common cellular en-
zyme thioltransferase (7). In the presence of a potent HIV-1
protease inhibitor, the majority of the protease is contained
within Gag-Pol and precursor forms of Gag-Pol (28). This also
occurred in immature virions in the presence of KNI-272 (un-
published data). It is possible, therefore, that oxidative modi-
fication of the protease, such as glutathionylation, occurs pri-
marily when the protease exists as part of the Gag-Pol
precursor, prior to the association of Gag-Pol with the cell
membrane. This could be advantageous to the virus since it
would prevent premature activation of the protease within the
cytoplasm of cells while still allowing for protease activation
during viral budding at a time when the local concentration of
Gag-Pol rises substantially. Cellular enzymes, such as thiol-
transferase, may reverse this modification when the precursors
accumulate at the cell membrane, resulting in higher concen-
trations than that obtained within the cytoplasm of cells. This
can serve as a reversible mechanism to optimally regulate
HIV-1 protease activity. Ongoing studies are under way in our
laboratory to investigate these issues.
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