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Activity of Human Immunodeficiency Virus Type 1 Protease
Inhibitors against the Initial Autocleavage in Gag-Pol Polyprotein
Processing

David A. Davis, Erin E. Soule,* Katharine S. Davidoff,* Sarah I. Daniels,* Nicole E. Naiman, and Robert Yarchoan
HIV and AIDS Malignancy Branch, Center for Cancer Research, National Cancer Institute, NIH, Bethesda, Maryland, USA

Inhibitors of HIV protease have proven to be important drugs in combination anti-HIV therapy. These inhibitors were designed
to target mature protease and prevent viral particle maturation by blocking Gag and Gag-Pol processing by mature protease.
Currently there are few data assessing the ability of these protease inhibitors to block the initial step in autoproteolytic process-
ing of Gag-Pol. This unique step involves the dimerization of two Gag-Pol polyproteins and autocleavage of the Gag-Pol poly-
protein by the embedded dimeric protease. We developed a plasmid encoding a modified form of Gag-Pol that can undergo
autoprocessing only at the initial cleavage site between p2 and nucleocapsid. Using an in vitro transcription/translation system,
we assessed the ability of six different approved protease inhibitors (darunavir, indinavir, nelfinavir, ritonavir, saquinavir, and
tipranavir) to block this initial autocleavage step. Of these inhibitors, darunavir and saquinavir were the most effective. Daruna-
vir and saquinavir were also the most effective at blocking the initial autoprocessing of full-length Gag-Pol in HIV-1-infected T
cells. Thus, we have identified at least two HIV-1 protease inhibitors that have activity against the primary autocatalytic step of

the embedded HIV-1 protease in Gag-Pol at concentrations that may be attained in HIV-1-infected patients. Due to unique as-
pects of the initial processing step, it may be possible to develop inhibitors with greater potency against this step, thus halting
viral maturation at the earliest stages. The transcription/translation assay could be used to develop more potent inhibitors of

this essential first step in viral maturation.

Human immunodeficiency virus type 1 (HIV-1) protease is
responsible for processing Gag and Gag-Pol polyproteins,
leading to viral maturation. Thus, HIV-1 protease is an important
therapeutic target for the treatment of HIV infection and AIDS,
since protease inhibitors can prevent the production of infectious
virions. Currently, a number of potent protease inhibitors are em-
ployed as part of drug combinations used to treat HIV/AIDS pa-
tients (for a review, see references 12 and 16). Although these
combination regimens are quite effective in the treatment of
AIDS, mutations in the protease can develop over time, leading to
resistant and multidrug-resistant (MDR) strains of virus that lead
to a new challenge in efforts to maintain effective treatment strat-
egies. Viral resistance to protease inhibitors develops primarily in
two ways: either directly through mutation of two or more amino
acids within the mature, highly active protease (20) or indirectly
through mutations of the protease cleavage sites within the Gag
and Gag-Pol polyprotein (3, 25, 26).

HIV protease is encoded as part of a Gag-Pol polyprotein. This
polyprotein forms a dimer primarily through binding of the em-
bedded protease monomers, and this embedded protease then
carries out a series of self-cleavage events (endogenous or cis pro-
tease activity). It is not known exactly how this autoprocessing is
regulated in vivo, although we have previously shown that in vitro
the activity of the initial autocatalytic step can be controlled by
reversible oxidation of cysteines 67 and 95 of HIV-1 protease (6).
Following a series of cleavage events by the embedded protease,
the mature protease is released and can act in trans on Gag and
Gag-Pol polyproteins, thus accelerating the maturation process.
Due to constraints on the configuration of the embedded pro-
tease, its dimeric structure is expected to differ to some degree
from that of mature protease. Precursor forms of the protease
have lower dimerization affinities than mature protease, further
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indicating differences between precursor forms of protease and
mature protease (14). This initial autocleavage is required for re-
lease of the mature protease and production of the mature virions.
Moreover, because the structure of the protease in the Gag-Pol
polyprotein is somewhat different from that of the mature pro-
tease, because the target site is in cis rather than in trans, and
because dimerization of the Gag-Pol polyprotein is required be-
fore the first-cut autocleavage can take place, this step is a unique
target for therapy, separate from the action of the mature protease
dimer. Also, for the reasons listed above, one can hypothesize that
certain mutations affecting protease inhibitors may not necessar-
ily affect this step and vice versa.

HIV-1 protease inhibitors were initially developed to specifi-
cally target the active site of the mature protease. Limited research
has been carried out to determine the effectiveness of protease
inhibitors on the initial processing step within Gag-Pol. One study
has demonstrated that the initial autoprocessing by the embedded
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protease is 10,000-fold less sensitive (when corrected for enzyme
concentration) than mature protease to the inhibitor ritonavir
(18). It was also found that the initial autoprocessing step was
substantially less sensitive to ritonavir than subsequent processing
steps (18), suggesting that the initial autocleavage differs most
from cleavage by mature protease. In this study, we used a recently
developed in vitro assay to assess the abilities of various protease
inhibitors to block the initial intramolecular (cis processing) step
of Gag-Pol processing between p2 and nucleocapsid (NC) within
the Gag-Pol polyprotein, and we compared this to their abilities to
block the processing by exogenous protease (trans processing) at
this same site. We then examined the effect of these inhibitors on
Gagand Gag-Pol processing in HIV-1-infected cells in culture and
compared this to their effects in vitro.

MATERIALS AND METHODS

Plasmid construction and in vitro transcription/translation. The plas-
mids pGPfs-wild type (pGPfs-WT};xp,), pGPfs-one cut (pGPfs-1C), and
pGPfs-one cut encoding an inactive D25A protease (pGPfs-1Cpr ™) were
constructed as described previously (6). The pGPfs-1C construct was
used to assess the activity of endogenous protease in Gag-Pol toward the
p2/NC site in Gag-Pol, while pGPfs-1Cpr~ was used to assess the activity
of exogenously added protease toward the p2/NC cleavage site. The
pGPfs-1C and pGPfs-1Cpr~ Gag-Pol-encoding plasmids were con-
structed by introducing mutations to abolish all but the first processing
cut site in pGPfs by site-directed mutagenesis using a Stratagene Quik-
Change multisite-directed mutagenesis kit (Stratagene, Santa Clara, CA).
Saquinavir (SQV) and ritonavir (RTV) were kindly provided by Roche
Products, Ltd. (Welwyn Garden City, United Kingdom) and Abbott Lab-
oratories (Abbott Park, IL), respectively. Nelfinavir (NFV) and indinavir
(IDV) were kindly provided by Japan Energy, Inc., Tokyo, Japan. Tiprana-
vir (TPV) was obtained from the NIH AIDS Reagent Program. Darunavir
(DRV) was synthesized as previously described (8) and obtained from
Arun K. Ghosh (Purdue University, West Lafayette, IN).

Transcription and translation reactions were performed similarly to
those described previously using a TnT T7 coupled reticulocyte lysate
system (Promega, Madison, WI) except as noted below (6). The reactions
(25 ul) were carried out with Easy-Tag [L->°S]methionine (>1,000 Ci/
mmol) (Perkin Elmer, San Jose, CA). A master mix was prepared using
the TnT rabbit reticulocyte lysate, reaction buffer, T7 polymerase,
[*>S]methionine, and amino acid mixture (minus methionine) provided
with the system at ratios suggested by the manufacturer. Additionally,
RNasin RNase inhibitor (Promega, Madison, WI) was added to the mas-
ter mix at 1 pl per 25-pl reaction mixture. Nuclease-free water was used to
bring the final volume of each reaction to 25 pl. The master mix was
incubated for 15 min at 30°C, and the DNA plasmid constructs were then
added to the master mix at a final concentration of 0.02 pg/pl. The master
mix was distributed to individual tubes containing 1 wl of protease inhib-
itor in dimethyl sulfoxide (DMSO) to provide the desired final concen-
tration. The reaction mixtures were incubated at 30°C for 45 min. For the
exogenous protease assay, the reactions with and without protease inhib-
itors were first carried out for 45 min to produce full-length Gag-Pol.
Then, the HIV-1 protease (250 nM final concentration; note that the final
active concentration present within the in vitro translation reaction is
indeterminate due to potential inhibitory effects of the lysate, refolding,
and pH changes in the system) was added as described previously (6), and
the reaction mixtures were incubated for an additional 10 min. Following
incubation, each reaction was stopped with an equal volume of 3X lith-
ium dodecyl sulfate-polyacrylamide gel electrophoresis (LDS-PAGE)
loading buffer containing 150 mM dithiothreitol (DTT) (Invitrogen,
Carlsbad, CA) and heated at 70°C for 15 min. The samples were cooled at
room temperature for 30 min and loaded on a 1-mm 10-well 4 to 12%
Bis-Tris NuPAGE gel (Invitrogen, Carlsbad, CA). The gels were run at 100
V for 10 min and then at 200 V for 70 min. The gels were washed in the
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following sequence: distilled water for 10 min, 10% acetic acid for 30 min,
10 quick washes with distilled water, and 10% glycerol for 15 min. Fol-
lowing the washing procedure, the gel was placed under a conventional
dryer/vacuum for at least 90 min at 54°C and exposed to film for autora-
diography using Kodak scientific imaging film (Kodak, Rochester, NY).
Films were scanned and Gag-Pol-related bands were quantified via densitom-
etry using Un-Scan-It software (Silk Scientific Corporation, Orem, UT).

Ratios of final product formation to the initial Gag-Pol protein sub-
strate for each sample were determined as described previously (6). The
percent processing was calculated as [(P1 + P2)/S1 + P1 + P2] X 100,
where P1 and P2 are products and S1 is the substrate. Then, the percent
inhibition for samples containing inhibitors was calculated by normaliz-
ing the percent processing in each sample containing inhibitor to the
control sample with no inhibitor; specifically, percent inhibition was cal-
culated as [(% processing without inhibitor — % processing with inhibi-
tor)/(% processing without inhibitor)] X 100. The mean inhibition and
standard deviation were calculated using data from three experiments for
the concentrations tested, and a dose-response curve was calculated using
Prism 4 (GraphPad Software, La Jolla, CA). Also, 50% inhibitory concen-
trations (IC5,s) were calculated for each experiment, and these individual
values were used to compare different drugs using the Student ¢ test. The
Student ¢ test was performed on log-transformed data because the drug
concentrations spanned several orders of magnitude. All P values are two-
sided. A P value of less than or equal to 0.05 was considered significant,
while a P value of less than or equal to 0.10 was considered a trend. No
adjustment was made for multiple comparisons.

Effect of HIV-1 protease inhibitors on HIV-1 chronically infected
H9 cells. H9 cells chronically infected with HIV-1,, (7) were washed
twice then plated (Costar, Corning, NY) at 250,000 cells per ml, 3 ml per
well, in RPMI medium with Pen/Strep glutamine and 15% fetal calf se-
rum. At least 30 min after plating, protease inhibitors were added at a final
concentration of 3.3 or 10 pM (0.05% DMSO was added as a vehicle
control to control wells). After 3 days, virus was collected and prepared for
Western blotting. Cell suspensions were pelleted by centrifugation at
1,500 X g for 10 min. The supernatant from each treatment was collected
and ultracentrifuged at 45,000 X g for 1 h to pellet virus. Viral pellets were
washed twice with phosphate-buffered saline (PBS) containing 10 pM
darunavir (added postcollection to prevent processing during the wash
procedures) and ultracentrifuged at 45,000 X g for 30 min. Pellets were
resuspended in 30 pl of 2X LDS-PAGE loading buffer containing 150 mM
dithiothreitol (Invitrogen, Carlsbad, CA). Samples were boiled at 95°C for
5 min, and 10 pl of each sample were electrophoresed on a 4 to 12%
bis-Tris polyacrylamide gel with MES (morpholineethanesulfonic acid)
buffer using the NuPAGE system (Invitrogen, Carlsbad, CA). Proteins
were transferred to nitrocellulose using the iBlot system (Invitrogen,
Carlsbad, CA) and blocked in 5% dried milk/Tris-buffered saline (TBS)
with 0.2% Tween 20 for 1 h at room temperature. After blocking, the
membrane was probed for Gag and Gag-Pol processing products using a
monoclonal antibody to HIV-1 p24 capsid protein (Advanced Biotech-
nologies, Columbia, MD), a monoclonal antibody to HIV-1 reverse trans-
criptase (RT) (Advanced Biotechnologies, Columbia, MD), or a mono-
clonal antibody to HIV-1 integrase (Int) (Novus, Littleton, CO).
Membranes were then washed and incubated for 30 min with anti-mouse
secondary antibody conjugated to either alkaline phosphatase or horse-
radish peroxidase. Bands were detected with either Western Blue stabi-
lized alkaline phosphatase substrate (Promega, Madison, WI) or Super-
Signal West Femto substrate (Thermo Scientific, Rockville, IL) as
indicated in the figure legends. Minor contrast adjustments were made to
the radiograms in PowerPoint (2004), version 11.5.5 (Macintosh).

RESULTS

Previous studies demonstrated that the initial step in Gag-Pol pro-
cessing is unique in that it is very insensitive (5 orders of magni-
tude difference) to inhibition by the classic protease inhibitor,
ritonavir, compared to the mature protease dimer (18). Daruna-
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FIG 1 Effect of ritonavir and darunavir on WT Gag-Pol processing. In vitro
transcription/translation was carried out in the presence of [**S]methionine
with pGPfs WT plasmid. The reaction was run in the presence of increasing
concentrations of each drugat 0, 0.01, 0.05, 0.10, 0.50, and 1.0 M as described
in Materials and Methods. Radiograms of Gag-Pol processing in the presence
of increasing concentrations of ritonavir (A) or darunavir (B). The location for
Gag-Pol (Gag-Pol and Gag-Pol internal initiation band), the products of the
first step of Gag-Pol processing (NC-Int and MA-p2), and the product of the
second step of Gag-Pol processing (TF-Int) are indicated to the right. Shown is
a representative of two experiments with similar results.

vir, one of the newest approved protease inhibitors for the treat-
ment of HIV-1 infection, is a very potent active site inhibitor (11),
and there is evidence to suggest that it can inhibit protease
dimerization at higher drug concentrations (9). We were inter-
ested in testing the ability of darunavir to block Gag-Pol process-
ing compared to ritonavir. To this end, we tested the ability of
both drugs to block wild-type (WT) Gag-Pol processing in an in
vitro translation system. A dose-response experiment (0.01 to 1.0
M) utilizing a WT Gag-Pol-encoding plasmid demonstrated the
expected weak activity for ritonavir (19) at preventing the first two
processing steps by the embedded protease (cleavage of Gag-Pol at
p2/NC and subsequent cleavage within the transframe protein,
also known as p6*), resulting in an accumulation of TF-Int (Fig.
1A). In contrast, darunavir at the same concentrations showed a
dose-dependent inhibition of both steps, leading to an accumula-
tion of NC-Int and full-length Gag-Pol (Fig. 1B). The second step
in processing was considerably more sensitive to darunavir than
the first step as evidenced by the accumulation of NC-Int, dem-
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onstrating the particular insensitivity of the first step to inhibition
by inhibitors in general (Fig. 1).

Because of the unique features of the first step in Gag-Pol
polyprotein processing, we wanted to examine the ability of
darunavir and other approved protease inhibitors to block this
step. Six protease inhibitors (darunavir, indinavir, nelfinavir,
ritonavir, saquinavir, and tipranavir) (see Fig. S1 in the supple-
mental material for structures) were screened for their ability
to block the initial (autocatalytic) step in polyprotein process-
ing, which involves dimerization of the two Gag-Pol mono-
mers and cleavage between the p2 and NC protein of HIV-1
Gag-Pol (Fig. 2A) (19). To do this, we utilized a recently devel-
oped assay that allows measurement of the initial cleavage step
by the embedded protease at the p2/NC cleavage site using a
full-length mutated Gag-Pol plasmid in an in vitro transcrip-
tion/translation system (6). HIV-1 Gag-Pol contains multiple
cleavage sites (Fig. 2A), and therefore modification of the
amino acid sequence of the Gag-Pol polyprotein generated in
this assay was important to prevent subsequent cleavages and
release of mature protease which could otherwise cleave in
trans. In particular, we introduced mutations surrounding the
other known polyprotein processing cleavage sites as described
previously (6) (Fig. 2B). As expected from previous studies,
ritonavir at 500 nM did not appreciably inhibit Gag-Pol pro-
cessing at the first cut site by the embedded protease (Fig. 2B,
compare lane 1 and lane 2 in radiogram) (18). To test process-
ing at the initial cut site by exogenous protease as a compari-
son, we used a protease-negative (PR™) plasmid encoding Gag-
Pol that also contained an active site mutation (D25A) that
prevents autocleavage by endogenous protease (Fig. 2C), as
described previously (6). As seen in the radiogram in Fig. 2C,
no autoprocessing of Gag-Pol takes place with this PR™ plas-
mid (lane 1). However, with the addition of exogenous pro-
tease, substantial processing takes place (lane 2) and, as ex-
pected (18), ritonavir (500 nM) is very effective at blocking
Gag-Pol processing by the exogenously added mature protease
(lane 3).

All drugs were tested in the endogenous protease assay at
concentrations ranging from 0.01 wM to 100 uM (Fig. 3, top
panels). The individual dose-response curves for each drug
tested in the endogenous assay and the corresponding error
bars at each concentration tested can be found in Fig. S2A in
the supplemental material. All drugs had the ability to inhibit
the initial processing step in a dose-dependent manner (Fig. 3A
to F). At the highest concentration tested (100 wM), all drugs
significantly blocked processing of Gag-Pol at the initial cut site
by 80% or more (Fig. 2A). However, the dose-response curves
for darunavir and saquinavir appeared to be shifted to the left
in the endogenous assay (Fig. 3G) compared to those for the
other drugs, indicating a relatively greater potency of these
drugs in blocking the initial endogenous autocleavage.
Darunavir had a calculated IC;, of 1.2 pM (P = 0.03 compared
to the IC;, of 4.6 wM for ritonavir) and saquanavir had a cal-
culated IC5, of 1.0 wM (P = 0.08, a trend toward a difference
compared to ritonavir) for the initial autocleavage of Gag-Pol
in this assay, whereas all the other drugs tested had IC;s of 3.2
uM or more (P > 0.1, neither a significant difference nor a
trend compared to ritonavir) (Table 1).

The six drugs were also screened in the in vitro system utilizing
exogenously added mature protease. In this case, a lower range of
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FIG 2 Schematic diagram for Gag-Pol polyprotein precursor (WT), one-cut Gag-Pol polyprotein precursor containing active endogenous protease, and
Gag-Pol precursor containing inactive protease. (A) The WT Gag-Pol contains nine major cleavage sites as shown. The initial processing site is indicated with an
arrow at the p2/NC junction, and the processing site within the transframe protein (the second cleavage site) is indicated with a dashed line since it is located
within the transframe protein). (B) The one-cut Gag-Pol substrate (S1) retains the initial p2/NC cleavage site and an active embedded HIV-1 protease. Cleavage
by the embedded protease yields two major products, P1 and P2 (MA-p2 and NC-Int, respectively) as shown. The substrate and products are indicated in the
radiogram to the right (lane 1). As shown, in the presence of 500 nM ritonavir there is little effect on the embedded protease activity as shown previously (lane 2). (C)
Schematic diagram of the one-cut Gag-Pol substrate (S1) that retains the initial p2/NC cleavage site but with a mutation (D25A) rendering the embedded HIV-1 protease
inactive (PR ™). In the absence of protease only unprocessed Gag-Pol is produced by the PR~ plasmid construct (lane 1). Cleavage by exogenously added (trans) mature
protease yields the same two major products, P1 and P2 (MA-p2 and NC-Int, respectively) (lane 2), as shown in panel B. In the presence of 500 nM ritonavir the activity

of the exogenous protease is substantially inhibited (lane 3). The other minor bands in both radiograms are inherent in the in vitro translation system.

concentrations (from 0.5 to 500 nM) were used to assess the inhi-
bition of the initial cut site cleavage carried out by exogenous
protease (exogenous protease assay). As noted, the construct used
in this assay encodes the one-cut Gag-Pol with an inactive D25A
embedded protease, so the p2/NCsite is available for cleavage only
by the exogenously added mature HIV-1 protease. As expected, all
the protease inhibitors were highly active in this assay and were
significantly more effective at blocking cleavage of the initial cut
site by mature dimeric protease than by the embedded protease
(Fig. 3A to F). The individual dose-response curves for each drug
tested in the exogenous assay and the corresponding error bars at
each concentration can be found in Fig. S2B in the supplemental
material. Inspection of the radiograms for each drug revealed a
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significant level of inhibition at concentrations higher than 10 nM
(Fig. 3A to F). While ICss for the drugs in the endogenous pro-
tease assay were in the low micromolar range (1.0 to 5.3 uM), the
ICsps in this exogenous protease assay clustered in the low nano-
molar range (Table 1). An overlay of the dose-response curves did
not reveal any striking differences between the drugs in the exog-
enous assay (Fig. 3G). The relative potency of each drug in the
exogenous protease assay is shown in Table 1. Darunavir was the
most active in this assay (ICs, = 13.2 nM; P = 0.04 compared to
ritonavir, which had an IC,, of 24.5 nM), followed by saquinavir
(IC5o = 18.9 nM; P = 0.05 compared to ritonavir, a trend), while
none of the other drugs were significantly different from ritonavir.
The drugs were all substantially more potent in the exogenous
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FIG 3 Inhibition of Gag-Pol cleavage (cis and trans) by HIV-1 protease inhibitors. (Top) For the endogenous protease assay, in vitro transcription/translation
was carried out in the presence of [**S]methionine with the one-cut Gag-Pol plasmid encoding active endogenous protease as described in Materials and
Methods. The reactions were run in the presence of increasing concentrations of each drugat 0, 0.1, 0.5, 1.0, 5.0, 10, 50, and 100 .M as described in Materials and
Methods. (Bottom) For the exogenous assay, in vitro transcription/translation was carried out for 1.5 h in the presence of [**S]methionine with the one-cut
Gag-Pol plasmid encoding inactive endogenous protease. HIV-1 protease was then added to each reaction and terminated 10 min later. The reactions were run
in the presence of increasing concentrations of each drug at 0, 0.5, 1.0, 5.0, 10, 50, 100, and 500 nM. (G) Graphical overlay for the dose-response curves for each
drugin the two assays. The percentage of inhibition for endogenous and exogenous assays was calculated as [ (percentage of processing without drug — percentage
of processing with drug)/(percentage of processing without drug)] X 100. The percentage of processing for each lane was calculated as [(sum of products)/
(substrate + sum of products)] X 100. Each value represents the mean of results of three separate experiments except for that for tipranavir (exogenous), which
represents the mean of results of two separate experiments. The individual dose-response curves are shown in Fig. S2 in the supplemental material. The resultant
curves were obtained using the sigmoidal nonvariable slope dose-response equation in Prism 4 and represent the mean * the standard deviation of results of three
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separate experiments. For tipranavir (exogenous), the mean of results of two experiments and the range are shown.
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TABLE 1 Plasma levels and activity comparison for protease inhibitors
in the endogenous and exogenous Gag-Pol protease assays

b
1Cs Relative potency
min—Cmax ~ Endogenous  Exogenous (IC,; .0/ 1Cs0 ex

Drug (pM)® (pM) (nM) ratio)©
Darunavir  4.3-10.7 1.2+0.8 132 +/—51 91

Indinavir 0.67-10.1 34+ 15 21.8 £ 6.4 156

Nelfinavir ~ 2.4-6.6 53*33 28 +18.8 189

Ritonavir 0.24-1.3 46+ 14 245 +/— 6.8 188

Saquinavir  0.11-4.2 1.0 £ 0.5 18.9 = 4.4 53

Tipranavir  0.59-30 32*x12 21.84 146

“ Plasma levels for darunavir, indinavir, and saquinavir were obtained when
coadministered (boosted) with ritonavir. Plasma levels for darunavir, indinavir,
nelfinavir, ritonavir, saquinavir, and tipranavir were from references 23, 4, 10, 23, 1,
and 5, respectively, and represent the range of C,;, to C,, ., values.

b 1C5,s are expressed as the mean = standard deviation from results of three separate
experiments. The IC,,s shown were obtained using the sigmoidal nonvariable slope
dose-response equation in Prism 4.

“1Cs0 ena» €ndogenous ICs; ICs oy exogenous ICs,.

@ The value for tipranavir in the exogenous assay is the averaged result from two
separate experiments (ICs,s of 25.2 nM and 18.3 nM).

assay compared to the endogenous assay (P < 0.01 for each drug).
Comparing the ratio of activities in the endogenous assay to that
for exogenous protease (Table 1), the relatively most effective en-
dogenous inhibitor appeared to be saquinavir (ICs, ratio of 1:53),
followed by darunavir (ICs, ratio of 1:91); all the other drugs had
ratios of more than 1:140. The lower ratio for saquinavir was due
to its relatively greater potency in the endogenous assay.

Since these data provided evidence that darunavir and
saquinavir were more active at blocking the initial step in Gag-Pol
processing than the other drugs tested, we were interested in de-
termining if these two drugs also contributed to relatively greater
inhibition of polyprotein processing in HIV-1-infected cells.
Therefore, we assessed the ability of the six drugs to block process-
ing of the full-length Gag-Pol polyproteins in H9 T cells chroni-
cally infected with HIV-1. These cells were treated for 3 days with
the drugs at 10 um, a concentration that is capable of blocking the
endogenous activity of each drug in vitro by more than 50% and
also completely blocking mature protease activity (Fig. 3G). Virus
released in the supernatant was collected by ultracentrifugation
and analyzed by Western blotting with antibodies to reverse trans-
criptase (RT), integrase (Int), and p24. RT and Int are two pro-
teins found within the Gag-Pol polyprotein but not within the Gag
polyprotein. As shown in Fig. 4A, full-length Gag-Pol was readily
detected (migration distance equal to that obtained for Gag-Pol
produced in the in vitro translation system) with antibody to RT in
samples treated with darunavir and saquinavir. Smaller amounts
were also detected in the presence of tipranavir (Fig. 4A). The
main bands detected on the blot in the presence of the other drugs
were bands migrating at locations consistent with the initial pro-
cessing of Gag-Pol. The measured size (in kDa) of the migrated
first cut products of Gag-Pol (doublet labeled NC-Int and TF-Int
[Fig. 3]) and their detection with both integrase and RT antibodies
(Fig. 4) provide additional evidence that these are products of the
first two processing steps of Gag-Pol, formed from cleavage at the
p2/NC site and within transframe protein. We performed densi-
tometry on this blot to assess the percentage of full-length Gag-Pol
to processed products. The results show that darunavir and
saquinavir had the highest percentage of full-length Gag-Pol and
were the more effective drugs (Fig. 4A, bar graph).
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FIG 4 Inhibition of HIV-1 p165 Gag-Pol polyprotein processing and HIV-1 p55
Gag processing in the presence of HIV-1 protease inhibitors. H9 cells chronically
infected with HIV-1 were treated for 3 days with control (Ctl) vehicle (0.05%
DMSO) or 10 uM the indicated inhibitor. The supernatant was collected and virus
pelleted by ultracentrifugation. The viral pellets were analyzed by Western blotting
with the following monoclonal antibodies. (A) Monoclonal antibody to HIV-1
reverse transcriptase (RT); shown is one representative blot from two experiments.
(B) Monoclonal antibody to HIV-1 integrase (Int); shown is a representative blot
from three experiments. (C) Monoclonal antibody to HIV-1 p24 capsid protein;
shown is a representative blot from three experiments with similar results. The
locations for p165 Gag-Pol, Nc-Int, TF-Int, RT subunits (p64 and p51), p55 Gag,
p47 Gag, and p24 Gag and Int (integrase) are indicated. Below the blots in panels
A and B is the quantification of the percent Gag-Pol over the total bands detected
[ (pixels for Gag-Pol/total pixels) X 100].
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The same samples were also probed with an integrase antibody
(Fig. 4B). Overall, Gag-Pol bands were more readily detected with
this antibody. Virus treated with vehicle (DMSO) alone contained
the expected band for integrase, p32 (Fig. 4B). Interestingly, ma-
ture integrase was not detected in the presence of darunavir or
saquinavir but small amounts were detected with the other four
drugs (Fig. 4B, lanes 3, 4, 5, and 7), indicating that some process-
ing is occurring at the C-terminal end of Gag-Pol. Again, we per-
formed densitometry on the blot to assess the percentage of full-
length Gag-Pol to total products. The results were similar to those
obtained with antibody to RT, indicating that darunavir and
saquinavir were more effective than the other four drugs at block-
ing full-length Gag-Pol processing, with darunavir being the most
potent. Again, accumulation of immature viral proteins was ob-
served for the four drugs that were ineffective at blocking the first
step of full-length Gag-Pol processing, providing additional evi-
dence that these drugs could still substantially block subsequent
processing of Gag-Pol (doublet in Fig. 4A and 4B). This indicates
a clear difference in sensitivity of the first processing step relative
to subsequent steps to inhibition by the drugs utilized. These data
parallel those seen for the same drugs in the endogenous in vitro
translation assay and therefore provide further evidence that
saquinavir and darunavir can prevent the initial (cis) autocatalytic
step of Gag-Pol in HIV-1-infected cells. We also assessed the effect
of the drugs on virus processing using a lower dose (3 pM) of the
drugs (see Fig. S3 in the supplemental material). Again, darunavir
and saquinavir were clearly the most effective at blocking the pro-
cessing of Gag-Pol to its mature products compared to all the
other drugs (Fig. S3). Overall, these data suggest that the results of
the endogenous assay correlate with the activity of these drugs in
blocking Gag-Pol polyprotein processing in chronically infected
cells.

We also assessed the ability of the drugs to block p55 Gag pro-
cessing in chronically infected H9 cells using an antibody to the
p24 capsid protein of HIV-1. Processing of the Gag polyprotein is
effected in trans by the mature protease but does not involve en-
dogenous autocleavage. As the Gag polypeptide is synthesized ap-
proximately 20 times more than Gag-Pol during virus production,
Western blots probed with the p24 antibody primarily assess dif-
ferences in the extent of Gag polyprotein processing by mature
protease. Virus treated with vehicle only (DMSO) contained the
expected band for mature capsid protein, p24 (Fig. 4C). Among
the different drugs tested, darunavir and saquinavir appeared to
be the most effective at blocking p55 processing (Fig. 4C). In par-
ticular, darunavir completely blocked the processing of p55 Gag.
This greater effect of darunavir and saquinavir at blocking p55
processing was consistently seen in multiple experiments. This
result is consistent with the greater activity of these two drugs
against mature protease (Table 1). However, it is also possible that
the activity of these drugs in blocking endogenous Gag-Pol auto-
processing (Fig. 3 and Table 1, endogenous results), resulting in
less mature protease, contributes to this increased level of inhibi-
tion of polyprotein processing.

DISCUSSION

The initial step in Gag-Pol polyprotein processing is unique in that
(1) it requires the initial dimerization of full-length Gag-Pol, (ii) it
consists of processing at p2/NC via a cis intramolecular cleavage
event, and (iii) it was found by Pettit et al. to be approximately
10,000-fold more resistant than fully mature dimeric protease to
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an active site inhibitor, ritonavir (18). Pettit et al. also found that
following the initial step in processing, there was a substantial
(27-fold) increase in sensitivity to ritonavir for the second cis
cleavage step, which takes place within the transframe protein.
This initial cis autocleavage of Gag-Pol is essential for the release of
mature protease, as well as other essential HIV proteins, and
blocking it will thus prevent viral maturation. Moreover, it is likely
that blocking this step will result in a reduction of active protease, and
inhibition of this step would be expected to work in tandem with
inhibition of mature protease to reduce overall protease activity.

Because the protease embedded in the Gag-Pol polyprotein is
constrained by being part of a larger polyprotein, its tertiary struc-
ture is most likely different from that of mature protease, and
drugs optimized against mature protease may not necessarily tar-
get this step. Indeed, all the drugs had substantially less activity
against the endogenous protease activity than against the activity
of the mature protease added exogenously to the Gag-Pol poly-
protein. However, darunavir and saquinavir appeared to be the
most active in blocking the initial endogenous Gag-Pol processing
step in in vitro translation experiments. These two drugs were also
more potent at blocking the activity of exogenously added pro-
tease, but they had relatively better activity in the endogenous
assay, compared to the exogenous assay, than the other drugs
tested. Darunavir and saquinavir were also clearly better than the
other four drugs at blocking the initial step of Gag-Pol processing
when tested in HIV-1-infected cells. Cursory inspection of the
chemical structures of these two drugs (see Fig. S1 in the supple-
mental material) did not reveal any obvious chemical similarities
to explain their unique behavior.

When these drugs were tested on HIV-1-infected cells, all in-
hibitors were able to block the later steps of Gag-Pol processing to
a substantial degree as evidenced by the accumulation of partially
processed forms of Gag-Pol detectable with Int and RT antibodies.
This further demonstrates the unique insensitivity of the initial
step in processing to most active site inhibitors. This difference
suggests that a structural change may take place in the embedded
protease following the initial cleavage of Gag-Pol that allows much
greater binding by the active site protease inhibitors. It should be
noted that interpretation of the results with infected cells is com-
plicated because the initial cleavage can occur either in cis by em-
bedded protease or in trans by mature protease, once it forms. At
the same time, it is expected that detection of uncleaved Gag-Pol
represents inhibition of the initial autocleavage, especially as the
drugs tested are highly active toward mature protease. These re-
sults are in contrast, to some degree, with the recent work by Louis
et al.,, who demonstrated that one of the late cleavage events, as
assessed in a transframe (p6*) precursor form of protease (TF/
PR), remains highly resistant to active site inhibitors (13). How-
ever, they did find darunavir and saquinavir to be more active at
blocking TF/PR precursor processing than the other tested inhib-
itors in their Escherichia coli expression assay system. In their sys-
tem, which utilizes an artificially truncated Gag-Pol, the late trans-
frame cleavage event is thought to take place in cis and therefore
may have certain properties that resemble the initial cleavage of
Gag-Pol. It is possible that these drugs can at least partially inhibit
Gag-Pol processing when administered to infected patients. The
IC;, for inhibition of Gag-Pol processing by darunavir falls well
within the plasma levels reported in patients (23). Also, the ICs,
for inhibition of Gag-Pol processing by saquinavir falls within the
plasma levels obtained for saquinavir (1). However, studies have
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shown that inhibitor concentrations required to achieve 95% pro-
tease inhibition in the presence of human serum can be up to 10
times higher than those required in the absence of serum (22).
Although this suggests that the levels achieved in plasma may not
be sufficient to substantially affect the first cut, it is important to
note that our assays on the first cut and in infected cells are done in
the presence of 60% rabbit reticulocyte or 15% serum, respec-
tively, which could also lead to significant protein binding.

In previous studies, our group found evidence to suggest that daruna-
vir, as well as tipranavir, blocked protease dimerization as measured by a
cellular fluorescence resonance energy transfer (FRET) assay (9). These
results suggest that the activity of darunavir in the endogenous
assay may in part be related to an ability of darunavir to block
Gag-Pol dimerization at the protease region. However, tipranavir
was not as effective as darunavir or saquinavir in either the endog-
enous assay or infected cells, and in turn, saquinavir had little
activity in blocking the cellular FRET assay, suggesting that factors
other than dimerization inhibition may be affecting the relative
activities of the drugs in the endogenous assay.

Darunavir has a binding constant in the low picomolar range
for the mature HIV protease and induces a different set of resis-
tance mutations than other drugs in its class (15). It is arguably the
most potent of the HIV-1 protease inhibitors, and previous stud-
ies have indicated that it is more difficult to generate protease-
resistant HIV-1 with darunavir than the other existing protease
inhibitors (11). Saquinavir is unique in that it induces primarily
the L90M and G48V resistance mutations in protease (2), which
differ from those induced for other drugs such as indinavir and
ritonavir (mutations commonly occur at 46, 63, and 82) (21, 24).
It is conceivable that these different mutation patterns are in part
related to their activity on the endogenous Gag-Pol protease ac-
tivity, although additional studies will be needed to sort this out.
Also, resistance to darunavir occurs more slowly than to other
protease inhibitors, and it is possible that its activity against en-
dogenous Gag-Pol protease activity, as well as against the active
protease, may provide constraints on the development of resis-
tance mutations. Our one-cut Gag-Pol assay system could provide
ameans to determine if patients receiving darunavir or saquinavir
develop resistance mutations that directly affect the ability of the
embedded protease to undergo initial processing in the presence
of these drugs.

The results of the current study show that certain active site
protease inhibitors and especially darunavir and saquinavir have
some limited activity against endogenous autocleavage by embed-
ded Gag-Pol, and this may contribute to the activity of these drugs
in patients. However, the activity of these drugs is relatively weak
compared to their activity against mature protease, and it may be
worthwhile to develop new agents that preferentially target this
initial step. The tertiary structure of embedded Gag-Pol is likely to
be different from that of mature protease because it is part of a
larger structure and is tethered to its substrate. In addition, its
activity is initially focused on a single first-cut site, which may
further affect the target structure for drug inhibition. Also,
dimerization of Gag-Pol needs to take place before the embedded
protease can begin autoprocessing; therefore, Gag-Pol may be tar-
geted by dimerization inhibitors. In contrast, once the mature
protease dimer forms, the strong affinity for dimeric protease may
make it difficult to reverse the dimerization. Thus, it may be pos-
sible to develop novel drugs whose activity is targeted against this
initial autocleavage step, possibly by blocking Gag-Pol dimeriza-
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tion, as suggested by others (13), or through binding to the Gag-
Pol active site. Because Gag-Pol autocleavage is essential to pro-
duce a mature protease, such a drug may work cooperatively with
mature protease inhibitors to block viral maturation. Another po-
tential advantage of such drugs is that they would more com-
pletely prevent the release of the essential viral enzymes RT and Int
from Gag-Pol than mature protease inhibitors.

Previous work by Kaplan et al. showed that the order of Gag-
Pol processing by the wild-type protease is highly conserved (17)
and that mutations in the protease alter the cleavage pattern due to
changes in the ability to interact with Gag-Pol (17). Because the
structure and constraints of this step may be different from that of
mature protease, different mutations may confer resistance to this
step than to that of mature protease, and drugs or drug combina-
tions that inhibit both the first cut and mature protease may help
thwart the development of resistant mutations. The assay de-
scribed in this paper may have utility in helping to examine addi-
tional drugs for activity against this unique step in the viral repli-
cation cycle and to help in the development of novel agents acting
at this step. These results may also lead to the development of
additional novel assays to screen for inhibitors of this step.
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