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ABSTRACT: The matrix/capsid processing site in the HIV-1
Gag precursor is likely the most sensitive target to inhibit HIV-
1 replication. We have previously shown that modest
incomplete processing at the site leads to a complete loss of
virion infectivity. In the study presented here, a sensitive assay
based on fluorescence polarization that can monitor cleavage at
the MA/CA site in the context of the folded protein substrate
is described. The substrate, an MA/CA fusion protein, was
labeled with the fluorescein-based FIAsH (fluorescein arsenical
hairpin) reagent that binds to a tetracysteine motif
(CCGPCC) that was introduced within the N-terminal
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domain of CA. By limiting the size of CA and increasing the size of MA (with an N-terminal GST fusion), we were able to
measure significant differences in polarization values as a function of HIV-1 protease cleavage. The sensitivity of the assay was
tested in the presence of increasing amounts of an HIV-1 protease inhibitor, which resulted in a gradual decrease in the
fluorescence polarization values demonstrating that the assay is sensitive in discerning changes in protease processing. The high-
throughput screening assay validation in 384-well plates showed that the assay is reproducible and robust with an average Z’
value of 0.79 and average coeflicient of variation values of <3%. The robustness and reproducibility of the assay were further
validated using the LOPAC'*® compound library, demonstrating that the assay provides a sensitive high-throughput screening
platform that can be used with large compound libraries for identifying novel maturation inhibitors targeting the MA/CA site of

the HIV-1 Gag polyprotein.

he processing of HIV-1 polyproteins Gag and Gag-Pro-

Pol by the virally encoded protease (PR) is an
indispensable step in the formation of mature infectious virus
particles. The processing of Gag and Gag-Pro-Pol occurs either
shortly after virus budding or concomitantly with virus budding,
releasing the mature virion proteins [matrix (MA), capsid
(CA), spacer peptide 1 (SP1), nucleocapsid (NC), spacer
peptide 2 (SP2), and p6] from Gag, and the viral enzymes
including the viral protease from Gag-Pro-Pol." When Gag is
processed, there is a structural rearrangement that involves the
released N-terminus of the CA protein, which adopts a f-
hairpin structure by forming a salt bridge between Prol and
Asp51 of CA,*>~> and this is a key element of the formation of
the cone-shaped capsid shell surrounding the NC/RNA
nucleoprotein complex.® Because proteolytic processing is
essential for generating infectious virus particles, PR has been
the target of a very successful group of transition state analogue
inhibitors currently in clinical use.”~'* Although a large number
of drugs that collectively target entry, reverse transcriptase,
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integrase, protease, and maturation have been developed for
HIV-1 and the use of these compounds in multidrug regimens
has dramatically reduced viral load as well as morbidity and
mortality, their long-term benefit in HIV-1-infected patients can
be limited by the emergence of drug-resistant viral strains.
Moreover, resistance to one drug frequently confers some level
of cross-resistance to other drugs directed at the same
target.">'® The use of front-line drugs in intermittent
prophylaxis'” provides another, large-scale setting in which
selection for resistance after an undiagnosed transmission event
may occur. Thus, there is a continuing need to develop new
drug targets for HIV-1.

HIV-1 particle assembly is a highly ordered process involving
the association and rearrangement of several thousand viral
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structural proteins,'® creating iterative targets in the assembly of
a single virion. The HIV-1 CA protein participates in crucial
and repetitive protein—protein interactions in forming both
immature and mature virus particles either as a part of the Gag
polyprotein or as a processed protein.'”>' Because of the
essential role in the assembly of virus particles, the HIV-1 CA
protein has been an attractive target for the development of a
new class of HIV-1 drugs. In recent years, inhibitors that bind
to CA and interfere with intermolecular CA—CA interactions
have been developed, including CAP-1, a small molecule
inhibitor that binds to the N-terminal domain (NTD) of CA in
a hydrophobic pocket;”**® CAIL, a 12-mer helical peptide
selected using phage display that binds to a hydrophobic cleft
within the C-terminal domain (CTD) of CA;**** and PF74%%*
and two series of compounds based on benzodiazepines (BD)
and benzimidazoles (BM), new small molecule inhibitors of CA
that also bind to the NTD of HIV-1 CA.*®

Another new class of antiretrovirals targets the processing
sites of the structural polyprotein Gag. Inhibitors targeting the
Gag processing sites are termed “maturation inhibitors”.
Bevirimat, which was identified in a screen for inhibition of
viral replication, is the prototype HIV-1 maturation inhibitor
and represents a proof of concept for the inhibition of the
cleavage of a specific processing site, CA/SP1 of the HIV-1 Gag
polyprotein,”*° although it was not successful as a therapeutic
agent because of naturally occurring Gag polymorphisms
around the CA/SP1 processing site that confer resistance to
the drug.®' ~ Bevirimat is incorporated into immature particles
near the CA/SP1 processing site and stabilizes an immature
form of the CA lattice, altering the ability of Gag to serve as a
PR substrate at the CA/SP1 site.*** Recently, direct binding of
bevirimat to the CA/SP1 processing site in immature Gag
particles has been demonstrated.*®

Previously, we have shown that a mutation (Y132I) that
blocks cleavage at the HIV-1 MA/CA processing site displays a
strong transdominant effect when tested in a phenotypic mixing
strategy, inhibiting virion infectivity with an ICs, that was only
<4% of that of the wild type.”” The viral infectivity was
completely ablated with inclusion of 20% Y132I mutant.>” This
mutation is 10—20-fold more potent in transdominant activity
than an inactivating mutation in the viral protease, the target of
many successful inhibitors, and more potent than an
inactivating mutation at any of the other Gag processing
sites, including the bevirimat-targeted CA/SP1 site, making the
MA/CA processing site likely the site most sensitive to
inhibition in the entire viral life cycle. Others have reported a
similar result, although a larger (15—20%) amount of the Y1321
mutant was required to reach half-maximal inhibition.*®
Additionally, this transdominant effect was seen with murine
leukemia virus when the cleavage of the N-terminus of the
MLV CA was blocked.* The ability of a small amount of the
MA/CA fusion protein to poison the oligomeric assembly of
infectious virus suggests that the MA/CA processing site is an
attractive target for drug development for inhibition of HIV-1
infection. Although the mechanism of the transdominant effect
by the inclusion of a small amount of MA/CA fusion proteins
in a virion is not fully understood, virus containing 20% Y1321
and 80% wild-type protein shows an eccentric and aberrant
virion core, and viral replication is blocked either at or before
the initiation of reverse transcription.”’ Thus, CA assembly
steps requiring multimeric interactions may be more potent
targets for inhibiting viral replication than the current HIV-1
drug targets.
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High-throughput screening (HTS) efforts have made a
significant contribution to HIV-1 drug discovery. Integrase
inhibitors were identified in a random screen of compounds
targeted at the strand-transfer reaction.*® The T20/Fuzeon
fusion inhibitor was identified in a screen of peptides spanning
the Env protein with no knowledge of mechanism.*"** Several
NNRTIs* and the HIV-1 maturation inhibitor bevirimat****
have been identified in screens for inhibition of viral replication.
In this paper, using a derivative of the naturally folded Gag
protein as a substrate, we describe the development of a new
high-throughput protease assay based on fluorescence polar-
ization (FP) for screening inhibitors that can block the cleavage
event at the MA/CA processing site. Although FP has been
extensively used in protease assays*® and adapted to viral
protease assays,*”*® substrates used in the assays have been
fairly small. To screen inhibitors binding to the substrate in the
context of the naturally folded Gag proteins, an MA/CA fusion
protein was used as a substrate and also modified to allow
binding of a fluorescent reagent and to create greater size
asymmetry between the labeled substrate and cleavage product.
Using this substrate, we were able to measure specific
proteolysis by FP as a function of HIV-1 protease cleavage.
Assay validation in 384-well plates and a test screen with the
LOPAC"* compound library indicate that this assay is robust
for HTS in identifying novel HIV-1 maturation inhibitors
targeting the MA/CA cleavage site.

B MATERIALS AND METHODS

Constructs. The primers used to construct plasmids used in
this study were designed so that a Hiss tag was introduced at
the N-terminus of each protein except for p15-C2S, for which a
Hisg tag was introduced at the C-terminus. Unless specified,
site-directed mutagenesis was performed using mutagenic
primers to resynthesize the target plasmid by polymerase
chain reaction (PCR). Plasmid pARKz1k1-SLTRgag, contain-
ing a fragment of 5" LTR and the gag region of pNL-CH, an
infectious molecular clone derived from the pNL4-3 clone of
HIV-1,* was used as a template to amplify the full-length MA/
CA coding region by PCR. The PCR product was digested with
Ndel, with sites introduced in the PCR primers, and cloned
into the Ndel site of pET30b (Novagen) to generate parental
plasmid pMA/CA. A tetracysteine motif (CCGPCC) was
introduced within the NTD of CA (His 87—Ala 92) using
PMA/CA as a template. For pMA/CAA, two overlapping PCR
fragments, one containing the coding region for a glutathione S-
transferase (GST) tag amplified from pET41b (Novagen) and
the other containing the full-length MA/CA coding region
amplified from pMA/CA, were used in an overlapping
extension PCR. The resulting PCR product was cloned into
the Ndel site of pET30b, and then the CTD of CA was
truncated by substituting Ser 278 with a stop codon. To
generate pMA/CAA-Y132], a Y132I mutation was introduced
at the P1 position of the MA/CA cleavage site by site-directed
mutagenesis using pMA/CAA as the template. The structure of
each of the constructs was confirmed by DNA sequence
analysis. The constructs used for the infection assay, Y132I and
D25A, were described previously.”” To clone the p15 region
containing NC, SP2, and p6 domains into the pET30b vector, a
DNA fragment encoding these domains derived from pNL-CH
was synthesized and cloned into a pMA-T vector by GeneArt
(Invitrogen). This plS DNA fragment contains several
modifications. All the cysteine residues in the zinc finger
motifs were replaced with serine, and the six C-terminal amino
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acids (SDPSSQ) in the p6 domain were changed to CCPGCC
to introduce a tetracysteine motif. In addition, a Gly-Ser-Gly
linker and a Hiss tag were added downstream of the
tetracysteine motif. This modified pl5 DNA fragment was
subcloned into the Ndel site of pET30b (Novagen) using Ndel
sites introduced to flank the plS DNA fragment, generating
pET-p15-C28S.

Cell Culture and DNA Transfection. 293T cells and
TZM-BL cells (NIH AIDS Research and Reference Reagent
Program) were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum in the
presence of penicillin and streptomycin at 37 °C with 5% CO.,.
293T cells are derived from human embryonic kidney cells,*
and TZM-BL cells are HeLa cells that stably express CXCR4,
CCRS, and CD4.°! For cotransfection, 0.5 X 10° 293T cells
were seeded onto a six-well plate 24 h before transfection. 293T
cells were transfected with a total of 4 ug of wild-type and
mutant plasmid constructs using FuGENE 6 transfection
reagent (Promega).

Infectivity Assay. The culture supernatant containing virus
particles was harvested 48 h after transfection and filtered
through a 0.45 pm pore size membrane (Millipore) to remove
cell debris. The culture supernatant was diluted 1:50 or 1:100
and used to infect 2 X 10* TZM-BL cells in a 96-well plate. The
TZM-BL indicator cells express the luciferase gene and the lacZ
gene under the control of the HIV-1 LTR. For the luciferase
assay, infected TZM-BL cells were lysed 48 h postinfection.
Briefly, the culture medium was removed from each well, and
the cells were washed with phosphate-buffered saline. A 50 uL
aliquot of 1X reporter lysis buffer (Promega) was added to the
cells, and the cells were kept at —80 °C. After one freeze—thaw
cycle, 25 pL of cell lysate was transferred into a 96-well assay
plate (Costar), and luciferase activity was measured using a
luminometer (Promega).

Expression and Purification of HIV-1 PR Substrates.
Expression of recombinant proteins in Escherichia coli BL21-
(DE3) was achieved by a modification of the established
protocols.*>** Briefly, recombinant proteins were expressed in
E. coli BL21(DE3) grown in MagicMedia (Invitrogen) for 7 h,
and the cells were collected by centrifugation. The cell pellet
was lysed in Tris-buffered saline (25 mM Tris base, 3 mM KCl,
and 140 mM NaCl) at pH 7.5 with 1 mM dithiothreitol (DTT)
and 1% Triton X-100 and then sonicated. Following
clarification by centrifugation, the recombinant proteins
containing a Hiss tag at the N-terminus were purified from
the soluble fraction by affinity chromatography using a nickel-
chelating column (Novagen). The purified recombinant
proteins were dialyzed against 20 mM sodium acetate (pH
7.0), 1 mM EDTA, 2 mM DTT, and 10% glycerol.>* The p15-
C2S protein was purified under denaturing conditions during
nickel-chelating column chromatography (Invitrogen) and
refolded by a stepwise dialysis. The dialysis buffers used for
refolding contained 5 M urea, 400 mM NaCl, 12.5% glycerol,
and 2.5 mM DTT at pH 5.5 for the initial dialysis, 2 M urea,
400 mM NaCl, 12.5% glycerol, and 2.5 mM DTT at pH 6.0 for
the second dialysis, and 400 mM NaCl, 12.5% glycerol, and 2.5
mM DTT at pH 6.5 for the last dialysis. Protein concentrations
were determined using the Bradford assay, and the purity of the
preparations was analyzed by protein staining after sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE).>®

Protease Expression and Purification. The HIV-1
protease was expressed in E. coli TAP 106 cells and purified
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from inclusion bodies as previously described.*® Briefly, the
inclusion body centrifugation pellet was dissolved in 50% acetic
acid followed by another round of centrifugation to remove
impurities. Size exclusion chromatography was used to separate
high-molecular mass proteins from the protease. The protein
was refolded in 50 mM sodium acetate (pH 5.5), 5% ethylene
glycol, 10% glycerol, and S mM DTT.

Gel-Based HIV-1 Protease Assay Using FIAsH-Labeled
Protein Substrates. The gel-based HIV-1 protease assay was
conducted following the protocol described previously.””
Briefly, each of two substrates, MA/CA and MA/CAA, at 3
UM was labeled with 6 uM FlAsH reagent in a tube with a total
volume of 228 uL overnight at room temperature. Proteolysis
of the substrates was performed in proteolysis buffer [SO mM
sodium acetate (pH 7.0), 150 mM NaCl, 1 mM EDTA, 2 mM
2-mercaptoethanol, and 10% glycerol] at 30 °C by addition of
0.1 uM HIV-1 PR (50 nM dimeric HIV-1 PR based on protein
concentration). Aliquots of 24 uL were taken at various time
points, and the reaction was stopped by adding 4X SDS—PAGE
loading buffer for further analysis by SDS—PAGE. An aliquot of
24 pL was taken for the 0 min time point prior to the addition
of 50 nM HIV-1 PR. After SDS—PAGE, the gels were briefly
rinsed with water and the fluorescently labeled protein bands
were visualized by fluorescence imaging using a Typhoon 9400
instrument (GE Healthcare) with excitation at 488 nm and
emission at 526 nm.

FP Assay in a 96-Well Plate. For end point analysis, the
MA/CAA substrate was serially diluted 2-fold from 4 to 0.25
UM in a 96-well half-area plate (Costar) and 200 nM FlAsH
reagent was added to each well for the overnight labeling
reaction in a volume of 40 uL. The labeling reaction was
performed at room temperature in proteolysis buffer. The well
designated as 0 yM substrate contained only 200 nM FlAsH
reagent. After the labeling reaction, proteolysis was performed
in the absence or presence of 1 yuM PR at 30 °C for 3 hin a
final volume of 50 L, and then FP values were measured with
excitation at 480 nm (30 nm bandpass) and emission at 535 nm
(40 nm bandpass) using a PerkinElmer EnVision 2103
Multilabel Reader. For time course analysis, 200 nM FlAsH
reagent was incubated overnight (~1S h) with 2 uM substrate
at room temperature in the same proteolysis buffer described
above. An aliquot of HIV-1 PR was added to increase the PR
concentration to 50 nM in the reaction volume containing the
MA/CAA substrate labeled with a FIAsH reagent. The final
volume in each well was 50 yL. Immediately after the addition,
the reaction mixtures were mixed briefly by pipetting and the
FP value was recorded every 5 min for 3 h using the same
conditions described for the end point analysis. For the FP
assay in the presence of saquinavir (SQV), 1, 10, 15, 20, or 25
nM SQV was added in DMSO (final concentration of 4%) to
the reaction mixture prior to the addition of the PR. FP values
are presented as millipolarization units (mP) in which P can be
calculated by a standard equation.>®

HTS Assay Validation in 384-Well Plates. The FP assay
was validated in 384-well plates following the procedure
described for the 96-well plate with modifications. An aliquot of
22 yM MA/CAA substrate was labeled with 2 yuM FlAsH
reagent in SO mM HEPES buffer (pH 6.8) containing 1 mM
DTT at room temperature for 1 h. Proteolysis in a 384-well
plate was performed by the addition of 50 nM HIV-1 PR in the
presence of 50 mM HEPES (pH 6.8), 150 mM NaCl, 2 mM
DTT, 0.01% BSA, and 1% DMSO at 37 °C for 2 h. The final
concentration of the MA/CAA substrate in the proteolysis
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reaction mixture was 1 M, and the final volume in each well
was 30 puL. FP values were measured with excitation at 485 nm
and emission at 530 nm using an Aquest GT Multimode
Microplate Reader (Molecular Devices). All liquid handling was
conducted by NanoScreen Robot NS-1536 (NanoScreen). The
validation process was conducted on three consecutive days,
and two plates were assayed on each day. Each assay plate
contained two columns of positive and negative control wells
containing wild-type HIV-1 PR and heat-inactivated HIV-1 PR,
respectively. All raw data were analyzed using ScreenAble
(ScreenAble Solution) to determine the Z’' value and the
coefficient of variation (CV) for each plate.

Test Screening with the LOPAC'?®® Compound
Library. The Library of Pharmacologically Active Compounds
(LOPAC) was purchased from Sigma-Aldrich, dissolved in
DMSO by the manufacturer. Each compound was stored in
DMSO at a concentration of 10 mM in 384-well plates. For the
screening, each compound was further diluted to a concen-
tration of 100 uM in HEPES-based proteolysis buffer. The
LOPAC collection was screened in duplicate in 384-well plates.
Briefly, 13.5 uL of 2.2 uM MA/CAA labeled with a FIAsH tag,
13.5 uL of 110 nM HIV-1 PR, and 3 uL of the diluted
compound were transferred into the assay plate, and the plate
was incubated at 37 °C for 3 h before FP values were measured
using an Aquest GT Multimode Microplate Reader (Molecular
Devices). The final volume in each well was 30 L, and the final
concentrations for each compound, HIV-1 PR, and the
substrate in each assay reaction mixture were approximately
10 uM, 50 nM, and 1 uM, respectively. All liquid handling was
conducted by NanoScreen Robot NS-1536 (NanoScreen).
Each assay plate contained two columns of positive and
negative control wells, which were run with DMSO alone
without a compound. The positive control wells contained
wild-type HIV-1 PR, and the negative control wells contained
heat-inactivated HIV-1 PR. Raw data were analyzed using
ScreenAble (ScreenAble Solution) to determine the Z’ value,
the CV, and the percent inhibition of each assayed compounds.
To calculate the percent inhibition of cleavage, the mean value
from the positive control wells was considered as 0% and the
mean value from the negative control wells was considered as
100%. The degree of agreement between the two measure-
ments was determined by Bland—Altman analysis.>

Gel-Based Secondary Assay. Secondary assays for
confirming the specificity of possible hits from the primary
screening were performed using two substrates, MA/CA and
pl5-C2S, in a gel-based proteolysis assay. For labeling
reactions, each of two substrates, MA/CA and p15-C2S, at
1.5 uM was incubated with 4 yM FIAsH reagent in a tube
overnight at room temperature in a volume of 200 uL, and
proteolysis of the substrates was performed in proteolysis buffer
at 30 °C by addition of 0.34 yuM HIV-1 PR. Aliquots of 24 uL
were taken at various time points (2.5, S, 7.5, 10, 15, 20, and 60
min), and the reaction was stopped by adding 4x SDS—PAGE
loading buffer for further analysis by SDS—PAGE. An aliquot of
24 pL was taken for the 0 min time point prior to the addition
of the HIV-1 PR. After SDS—PAGE, the gels were briefly rinsed
with water and the fluorescently labeled protein bands were
visualized by fluorescence imaging using a Typhoon 9400
instrument (GE Healthcare) with excitation at 488 nm and
emission at 526 nm. The relative quantitation of the visualized
protein bands was performed by using the image analysis
software ImageQuant TL (GE Healthcare).
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B RESULTS

HIV-1 MA/CA Cleavage Site, a Sensitive Target for
Inhibiting Virus Replication. Recently, we have demon-
strated that a modest lack of cleavage at the MA/CA processing
site of the HIV-1 Gag polyprotein has profound effects on viral
infectivity,37 making this processing site an attractive target for
inhibiting the viral life cycle. When viruses were generated to
contain different ratios of wild-type and Y1321 mutant (which
blocks cleavage at the MA/CA site) Gag polyproteins by a
phenotypic mixing strategy, a strong transdominant effect of
the Y132I mutation on viral infectivity was observed. The ICs
of the Y1321 mutant Gag protein was only <4%. To confirm
our previous finding, phenotypic mixing experiments were
performed by cotransfecting two DNAs, the wild type and a
mutant (either the Y1321 Gag mutant or a D25SA PR active site
mutant), varying the ratios of the wild-type and mutant
genomes, and the infectivity of the virus produced was
measured. A similar result of a strong transdominant effect
was observed with the virus containing Y1321 mutant Gag
protein, with an IC, of <4% (Figure 1A). Consistent with the
previous finding, the Y132I mutant displays approximately 20-
fold more potency in transdominance than the D2SA PR
mutant when the ICy, values of both mutants from the
cotransfecton assay were compared (Figure 1A). Western
analysis of virus lysates containing an increasing amount of
Y1321 mutant Gag polyproteins shows inhibition of the
cleavage event at the MA/CA site giving a distinctive band
pattern with an increasing amount of the MA/CA fusion
protein in the virions (Figure 1B). However, the virus lysates
containing an increasing amount of D25SA mutant Gag
polyproteins display a range of processing intermediates,
including Gag precursors, a distinctive Western analysis
phenotype caused by the reduction and/or inhibition of
protease activity with the D2SA mutation (Figure 1B).

Design and Expression of MA/CA Substrates. As a first
step in searching for novel maturation inhibitors that would
selectively block proteolytic processing at the highly sensitive
MA/CA site, we have developed a proteolytic cleavage assay
based on fluorescence polarization (FP) (Figure 2A) in both
96- and 384-well plates using a series of naturally folded MA/
CA protein substrates containing an intact MA/CA cleavage
site (Figure 2B). To monitor the cleavage at this site by the
HIV-1 PR in either an FP assay or a gel-based assay, a
tetracysteine motif (CCGPCC) was introduced into a surface
loop region within the NTD of CA (amino acids 87—92) near
the position previously used to label intact virus® to allow for
FIAsH reagent binding. In Figure 2B, the position of a
tetracysteine motif is indicated with the symbol for the FIAsH
tag. The substrate containing MA and full-length CA domains
with the tetracysteine motif in the NTD of the CA is termed
MA/CA. The FlAsH reagent is a nonfluorescent biarsenical
derivative of fluorescein that becomes fluorescent upon binding
to its target,”" as illustrated in Figure 2A. In a protease assay
employing FP, the enzyme activity is measured by a decrease in
polarization values (mP) as a result of the change in size of the
high-molecular mass fluorescent substrate to the low-molecular
mass cleavage product (Figure 2A). Therefore, to increase
differences in size before and after cleavage by the HIV-1 PR,
the original MA/CA substrate was altered to include a fusion of
a GST tag to the N-terminus of MA and a truncation of the
CTD of CA, resulting in a protein substrate of 56 kDa (Figure
2A and B). This prototype substrate is designated MA/CAA. In
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Figure 1. Strong transdominant mutation, Y1321, blocking cleavage at
the MA/CA site of HIV-1 Gag polyprotein. (A) Transdominant effect
of the Y132I mutation on wild-type viral infectivity in a phenotypic
mixing experiment. 293T cells were cotransfected with Y132I mutant
and wild-type plasmid DNAs while the ratio of the mutant was varied
from 0 to 100%. The culture supernatant was harvested 48 h after
transfection and used to infect TZM-BL cells. Infected TZM-BL cells
were lysed 48 h postinfection, and infectivity was measured by the
level of luciferase activity. The transdominant effect of D25A, the
protease active site mutation, on wild-type viral infectivity is shown for
direct comparison. The inset graph represents the relative viral
infectivity of the Y132I mutant at a low range of mutant ratios from 0
to 20%. (B) Western analysis of virion particles produced from 293T
cells cotransfected with wild-type and Y132I or D25A mutant DNAs.
Mock represents a transfection in which no DNA was used. The
mutant ratio (percent) used for cotransfection is shown above the
Western blotting image. MA/CA fusion proteins are shown from the
virions containing Y1321 mutant Gag/Gag-Pro-Pol polyproteins and
unprocessed Gag polyproteins, and processing intermediate products
are shown from the virions containing D2SA mutant Gag-Pro-Pol
polyproteins.

our FP assay, the size difference before and after proteolysis is
approximately 41 kDa [from 56 to 15 kDa (Figure 2A)]. The
MA/CAA-Y1321 substrate contains an additional Ile sub-
stitution at the P1 position of the MA/CA cleavage site to block
cleavage at the MA/CA site by the HIV-1 PR*’ These
substrates include a Hisg tag at the N-terminus of the protein to
aid purification. When expressed in E. coli, the soluble forms of
the proteins were made in large quantities, and the
modifications and mutations made to the original MA/CA
protein did not significantly affect the solubility of the proteins.
We also created p15-C2S substrate to examine cleavage at an
alternative Gag cleavage site, SP2/p6, in a gel-based secondary
assay. This protein substrate contains the NC, SP2, and p6
domains with Cys to Ser substitutions in the zinc finger motifs
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Figure 2. Overview of the FP-based HIV-1 protease assay and
schematic diagram of the MA/CA constructs used in the assay. (A) FP
assay detecting the changes in the size of the fluorescently labeled
protein upon proteolysis. The fluorescence of the free FIAsH tag
(colored gray) increases after it binds to a tetracysteine motif in the
NTD of CA (CAy), which is colored black. The CAy labeled with a
FIAsH reagent is also colored black. In the presence of the HIV-1 PR,
the slowly rotating 56 kDa substrate releases the fast rotating 15 kDa
CAy, resulting in a reduced FP value. (B) MA/CA-derived constructs
in E. coli expression vector pET30b. All of the constructs contain an
intact MA domain and the CAy. The MA/CA construct contains an
intact MA domain and a full-length CA domain. A tetracysteine motif
(CCGPCC) is inserted within the CAy, and the position of the
tetracysteine motif is indicated with a FIAsH tag symbol. The gray
boxes located either at the N-terminus or at the C-terminus of each
construct represent a Hisq tag. For MA/CAA constructs, a GST tag is
fused to the N-terminus of the MA domain to increase the size of the
protein. The p15-derived p15-C2S protein construct shows Cys — Ser
mutations within the zinc finger motifs in the NC domain and amino
acid substitutions within p6 that create a tetracysteine motif. The
cleavage sites between MA and CA and between SP2 and p6 are
indicated with pairs of scissors. The slow cleavage event at the NC/
SP2 site is depicted with a small pair of scissors.

within the NC domain and a tetracysteine motif introduced
within the C-terminal region of the p6 domain.

FP-Based HIV-1 Protease Assay Development in 96-
Well Plates. We have demonstrated previously that the
efficiency of cleavage of the MA/CAA substrate (=56 kDa)
was not affected by the alterations made to the MA/CA protein
(2240 kDa) in a gel-based assay. As shown previously’” and in
Figure 3A, the two substrates, MA/CA and MA/CAA, are
versatile tools that can be used to study HIV-1 proteolysis in a
gel-based assay because the two full-length substrates and their
cleavage products differ in size, allowing the use of both
substrates in the same proteolysis reaction. The full-length CA,
shown with an empty arrowhead in Figure 34, is the cleavage
product of the MA/CA substrate, and the truncated CA, CAA,
shown with a filled arrowhead in Figure 3A, is the cleavage
product of the MA/CAA substrate. Given the equivalent
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Figure 3. Detection of the cleavage of the MA/CAA substrate labeled
with a FIAsH tag by a gel-based assay and an FP assay in a 96-well
plate. (A) Fluorescence image of the gel-based assay employing two
substrates. MA/CA and MA/CAA were labeled with the FlAsH
reagent in the same reaction, and proteolysis was performed by the
addition of S0 nM HIV-1 PR at 30 °C. Proteolysis was stopped at the
various time points shown above the gel image for further SDS—PAGE
analysis. The aliquot for the 0 min time point was taken before the
enzyme was added. Fluorescently labeled proteins were visualized by
fluorescence imaging. Filled arrowheads indicate the MA/CAA
substrate and its cleavage product (CAA), and empty arrowheads
indicate the MA/CA substrate and its cleavage product (CA). The
domain colored black (CAy) indicates the location at which FIAsH
reagent binding occurred. (B) Cleavage of the MA/CA site of the
MA/CAA substrate measured by FP. End point analysis shows
reduced FP values in the presence of HIV-1 PR as a function of
substrate concentration. Increasing amounts of MA/CAA (0, 0.25, 0.5,
1, 2, and 4 puM) were incubated with 200 nM FlAsH reagent
overnight; proteolysis was performed at 30 °C for 3 h in the absence
(O) or presence (@) of 1 uM HIV-1 PR, and FP values were
measured. (C) Time point analysis of the FP assay. The assay was
performed in the presence of 2 uM substrate and 200 nM FlAsH
reagent. Immediately after S0 nM PR had been added, FP values were
measured over a 3 h time period with 5 min intervals. The reading
collected from the well in which protease was not added was
considered as the 0 min time point.

cleavage rates of the modified and unmodified substrates, the
more asymmetric substrate, MA/CAA, was used in a
fluorescence polarization readout.

Fluorescence polarization is a convenient approach to
measuring the activity of a protease and is amenable to high-
throughput screening in a plate format. To develop an assay to
screen for small molecules that specifically block the MA/CA
processing site, protease cleavage of the MA/CAA substrate
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was measured by changes in FP values in a 96-well plate. The
optimal concentrations of the FIAsH reagent and substrate for
the FP assay were determined by titrating the FIAsH reagent
with the MA/CAA substrate. The largest differences in FP
values as a function of protease cleavage were observed with
200 nM FlAsH reagent (data not shown). The formation of a
high-molecular mass fluorescent complex of the FIAsH reagent
bound to MA/CAA led to an increase in the FP value until the
FlAsH reagent was saturated with the substrate (Figure 3B).
The FP value approached a plateau when the substrate
concentration was increased to 1 uM. Therefore, on the basis
of the titration data shown in Figure 3B, 2 uM substrate and
200 nM FIAsH were chosen as optimal concentrations for
labeling the substrate for the FP assay. In the presence of 1 yuM
HIV-1 PR, the FP value was significantly reduced because of
the cleavage at the MA/CA site (Figure 3B). To define a
protease concentration for time point FP analyses, 2 uM
substrate was incubated with different amounts of protease, and
the result showed a useful concentration of protease to be 50
nM, allowing cleavage of the substrate over a convenient period
of time, 3 h (data not shown). Under these conditions (2 uM
substrate, 200 nM FlAsH, and S0 nM HIV-1 PR), the time
point FP values of MA/CAA gradually decreased over time
because of cleavage at the MA/CA site while the FP values in
the absence of HIV-1 PR remained high over a 3 h time period,
showing no changes compared to the initial value (Figure 3C).

Highly Sensitive FP-Based HIV-1 Protease Assay.
When a substrate containing the Y1321 mutation to block
MA/CA cleavage was used in a time point FP assay, the FP
values did not change over time (Figure 4A). After the FP
values had been measured, a portion of the FP assay reaction
mixture was analyzed by SDS—PAGE to confirm the state of
the final cleavage products. The SDS—PAGE result shown by
Coomassie staining revealed that the extent of cleavage of the
substrates was consistent with the extent of proteolysis inferred
from the FP assay, and that the substrate and products were
stable without displaying any detectable degradation (data not
shown). The sensitivity of the assay was also tested in the
presence of the HIV-1 PR inhibitor saquinavir (SQV). In the
presence of increasing amounts of SQV from 1 to 25 nM, the
changes in FP values decreased because of inhibition of PR
activity by SQV (Figure 4B), although the 1 nM reaction
includes a small mP effect caused by the presence of 4% DMSO
(from the addition of SQV). In the presence of 25 nM SQV,
the FP values remained as high as those in the absence of HIV-
1 PR, suggesting that enzyme activity was essentially completely
inhibited. Again, these FP data were confirmed by the SDS—
PAGE analysis with Coomassie staining showing a gradual
decrease in the level of cleavage products, GST-MA and CAA,
with increasing amounts of SQV (Figure 4C). Thus, these
results demonstrate that the FP assay is sensitive for discerning
changes in proteolytic processing as shown by the detectable
change in FP in the presence of increasing amounts of protease
inhibitors.

HTS Assay Validation in 384-Well Plates. To screen a
large number of compounds using an automated system in 384-
well plates, we first optimized the FP assay for this format. HTS
assay validation was then performed on the automated platform
to determine the robustness and reproducibility of the assay by
calculation of the Z' values and CV. HTS assay validation
included three independent runs on different days in which
each run consisted of two 384-well plates, comprising a total of
six plates. Each plate contained two columns of positive
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Figure 4. Highly sensitive FP-based HIV-1 protease assay. (A) FP
values of the Y132l mutant substrate (MA/CAA-Y132I) in the
presence of PR (A) and the MA/CAA substrate in the absence of PR
(X) measured at 30 °C for 3 h. (B) FP values of the MA/CAA
substrate in the presence of increasing amounts of the HIV-1 PR
inhibitor, SQV, measured at 30 °C for 3 h. After the labeling reaction
had been conducted in the presence of 2 uM substrates and 200 nM
FIAsH reagent, the indicated concentration of SQV and S0 nM
protease were added, and FP values were measured. The FP values
obtained from the reaction without SQV and PR were added for
comparison. (C) Coomassie Blue staining of the protein samples after
FP measurements. The level of cleavage at each SQV concentration is
shown. The uncleaved substrate, MA/CAA, is depicted as GST-MA-
CAy, and two cleavage products are depicted as GST-MA and CAy.

controls (red wells) and two columns of negative controls
(green wells) having substrate with wild-type PR and substrate
with heat-inactivated PR, respectively (Figure SA). The wells
that are colored yellow contained the same reaction mixture as
the positive control wells because no compound was tested in
the HTS validation assay. The results of these validation
experiments are summarized in Table 1, showing average CV
values of <3 and <2% for the positive and negative controls,
respectively, and an average Z’ value of 0.79. The data from
plate 1 are shown in Figure 5B, showing that FP values for the
positive and negative controls remained constant across the
plate with an average difference of approximately 140 mP
between the two controls. For this particular plate, the CV was
2.29% for the positive controls and 1.25% for the negative
controls, and the Z’ value was 0.83. These validation
parameters indicate that the assay presented in this study is
robust, reliable, and suitable for HTS for identifying HIV-1
maturation inhibitors targeting the MA/CA cleavage site.
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Figure S. HTS assay validation in 384-well plates. (A) Design of each
384-well plate tested for HTS validation of the assay. Each individual
384-well plate includes two columns of positive controls (red) and two
columns of negative controls (green). The positive control wells
contained the MA/CAA substrate with wild-type PR, and the negative
control wells contained the MA/CAA substrate with heat-inactivated
PR. The reaction mixtures in the wells colored yellow were the same as
that in the positive controls. The validations were performed on three
different days, testing two 384-well plates on each day. (B) Well-to-
well variation for the positive and negative controls shown in the
scatter plot of the data from plate 1. Data from the negative controls
are denoted as —PR, and data from the rest of the wells, including the
positive controls, are denoted as +PR.

Table 1. Summary of the HTS Validation Assay Parameters

high low
day plate mean £SD CV (%) mean+SD CV (%) VA
1 1 318 + 3.98 1.25 178 + 4.07 2.29 0.83
1 2 321 + 4.95 1.54 187 + 5.53 2.95 0.76
2 3 373 £ 4.72 1.27 190 + 4.71 2.48 0.85
2 4 379 + 4.55 1.20 208 + 5.21 2.51 0.83
3 S 257 + 5.18 2.02 150 + 6.35 4.23 0.68
3 6 289 + 3.79 1.31 159 + 447 2.81 0.81

Assay Validation with the LOPAC'?)° Compound
Library. To validate further the utility and reproducibility of
the assay, we conducted a pilot screen using the LOPAC'**
compound library (Sigma-Aldrich) comprising 1280 small-
molecule compounds with well-characterized pharmacological
activities. Each compound was screened in duplicate at a final
concentration of 10 #M. Each plate also contained two columns
of positive controls (red wells) and two columns of negative
controls (green wells) as shown in Figure SA. No compound
was added to the control wells, and heat-inactivated PR was
used in the negative control wells. The values from these
control wells were used to determine the percentage of
inhibition for each compound tested, setting the mean values
from the positive control wells as 0% inhibition and the mean
values from the negative control wells as 100% inhibition.
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When the percentage of inhibition of all compounds tested in
duplicate was plotted in Figure 6A, most of the compounds had
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Figure 6. Pilot screening using the LOPAC'*** compound library. (A)
Percent inhibition of the cleavage reaction of the MA/CAA substrate
by the HIV-1 PR in the presence of each compound. The design of
384-well plates used for screening the LOPAC'** compound library is
the same as that used for HTS assay validation except that the wells
colored yellow contain a compound. Neither positive nor negative
control wells contain a compound. Each compound was screened in
duplicate, and each dot represents the result from the individual
compound. All the data from the duplicate screening denoted as testA
and testB were plotted. Two compounds displaying approximately
50% of the inhibitory activity are circled. (B) Bland—Altman plot of
the difference between the percent inhibition of testA and the percent
inhibition of testB plotted vs the mean of the percent inhibition of
testA and the percent inhibition of testB. The mean difference + 2SD
(95% limits of agreement) are shown with dashed lines.

no effect on cleavage of the substrate by HIV-1 PR with percent
inhibition values of <20% of the mean value of the negative
controls. In this screen, the two compounds, AC-93253 iodide
and I-OMe tyrphostin AGS538 (shown in circles in Figure 6A),
had a readout of approximately 50% inhibition. However,
results from the gel-based assay demonstrated that these two
compounds had no inhibitory activity (data not shown). It is
possible that these compounds caused protein aggregation
resulting in relatively high FP values. Conversely, some
compounds generated FP values lower than the mean value
of the positive controls. We speculate that these small
compounds are fluorescent themselves, contributing to the
lower FP values of the reaction.

To compare the two measurements from the LOPAC
validation assay, the degree of agreement between the two
measurements of the percent inhibition was assessed by using
Bland—Altman analysis® by plotting the differences between
the two measurements against the averages of the two
measurements (Figure 6B). The mean difference between
two measurements was —0.36, and the 95% limits of agreement,
defined as the mean difference + 2SD, ranged from —11 to 12.
This small range of limits suggests good agreement between
two measurements. In addition, the plot shows no trend of
systematic bias. Overall, this pilot screen using the LOPAC'**
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compound library confirmed the reproducibility, robustness,
and suitability of this assay for HTS with an average Z’ value of
0.81 and average CV values of 0.02 and 0.01 for positive and
negative controls, respectively.

We also tested the maturation inhibitor, bevirimat, in a 96-
well plate for time point analysis. The compound was tested at
a final concentration of 10 yM, a concentration 1000-fold
higher than the ECy, measured in cell culture.”® As expected
given its specificity for inhibition of the CA/SP1 cleavage site,
bevirimat did not show any significant inhibitory activity on
cleavage at the MA/CA site in a gel-based assay (data not
shown). In an FP assay, bevirimat had no inhibitory activity on
cleavage at the MA/CA site beyond the small effect caused by
the presence of 5% DMSO included in the reaction mixture
(data not shown).

Gel-Based Secondary Assay Using an Alternative Gag
Cleavage Site. It is possible that the hits from the large-scale
primary screening may target the protease instead of the MA/
CAA substrate as the mechanism of blocking the proteolysis
reaction. Because the goal of this HTS assay is to discover
compounds that target the substrate in a specific manner, we
developed a secondary assay to examine the specificity of
compounds for the MA/CAA substrate and not for the
protease using a protein substrate containing an alternative Gag
cleavage site. A substrate (p15-C2S) containing the continuous
NC, SP2, and p6 domains of Gag includes the relatively
efficiently cleaved processing site between SP2 and p6, as
shown in Figures 2B and 7A. Because the FIAsH reagent
appears to bind the NC domain through the zinc finger motifs
(unpublished data), all the cysteines in the zinc finger motifs in
p15-C2S were replaced with serines, and a tetracysteine motif
was introduced at the C-terminus of the p6 domain to bind the
FIAsH reagent. Using this gel-based secondary assay, the level
of specific inhibition for MA/CA can be determined by
comparing the relative cleavage rate of this substrate versus that
of the p15-C2S substrate (mixed in the same reaction) in the
absence or presence of hit compounds. Compounds that inhibit
only the MA/CA substrate would be considered maturation
inhibitors specific for the MA/CA cleavage site. In this
secondary assay format, instead of using the MA/CAA
substrate, the MA/CA substrate was used for better separation
of the uncleaved and cleaved protein bands of the p15-C2S
substrate. Figure 7B shows the relative cleavage rates of the
MA/CA and p1S5-C2S substrates. Cleavage at the SP2/p6 site
was approximately 3.7-fold slower than cleavage at the MA/CA
site. Because cleavage at the NC/SP2 site is much slower than
that at the SP2/p6 site (Figure 2B),%” proteolysis at the NC/
SP2 site is not detected in this assay. Although cleavage of the
p15-C2S substrate is slower than that of the MA/CA substrate,
the ability to include these two substrates in a single reaction
will provide strong evidence of the specificity of any
compounds identified by HTS.

B DISCUSSION

There are 24 drugs approved for the treatment of HIV-1
infection, which target only four viral proteins [reverse
transcriptase (RT), protease (PR), integrase (IN), and viral
transmembrane envelope (Env) glycoprotein gp41] and one
cellular protein [cellular coreceptor (CCRS)]. Current HIV-1
therapy can require a change in drug regimen caused by the
increase in the level of of drug resistance mutations or the
adverse effect of toxicity of the drugs. However, the outcome of
a change in drug regimen can be suboptimal because resistance
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Figure 7. Gel-based secondary assay using an alternative Gag
substrate, p15-C2S, containing a cleavage site between SP2 and p6.
(A) Fluorescence image of a gel-based assay employing two substrates,
MA/CA and pl5-C2S, labeled with the FIAsH reagent in the same
reaction. Proteolysis was performed by the addition of 0.34 yM HIV-1
PR at 30 °C. Proteolysis was stopped at the various time points shown
above the gel image by taking aliquots for further SDS—PAGE analysis.
The aliquot for the 0 min time point was taken before the enzyme was
added. Fluorescently labeled proteins were visualized by fluorescence
imaging. Filled arrowheads indicate the MA/CA substrate and its
cleavage product (CA), and empty arrowheads indicate the p15-C2S
substrate and its cleavage product (p6). The domains colored black
indicate the location where the FIAsH reagent binding occurred. The
cleavage sites are shown with scissors. (B) The band intensity of the
uncleaved and cleaved proteins was quantified, and cleavage rates were
calculated using the time points in which the percentage amounts of
the cleavage products are within 50%. The slope obtained from linear
regression analysis was used to compare the cleavage rate between two
substrates.

can confer cross-resistance to some of the drugs within the
same class. Thus, there is an ongoing effort to develop new
classes of HIV-1 inhibitors.

The HIV-1 processing/capsid assembly pathway is an
attractive but underutilized target for the development of
HIV-1 inhibitors. This step of the virus life cycle could be the
most effective drug target because only a single structural
protein, CA, released from the Gag and Gag-Pro-Pol proteins
drives capsid assembly by the formation of repetitive
interactions to build a cone-shaped capsid structure, and the
formation of the proper capsid structure is essential for the
production of infectious virus particles." The repetitive nature
of these interactions may provide an opportunity to disrupt
many interactions with a single agent. Furthermore, disrupting
even a fraction of these interactions has the potential to ablate
the infectivity of the entire particle. We have demonstrated the
vulnerability of the HIV-1 capsid structure to inhibition by
blocking the cleavage event at the N-terminus of the CA
protein creating the MA/CA fusion protein in a virion.” Only
small amounts of unprocessed MA/CA fusion protein, as little
as 10% of the processed wild-type CA protein, in a virion were
sufficient to render the virion noninfectious (Figure 1). The
most plausible explanation is that the unprocessed MA/CA
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fusion protein is able to participate in the formation of the
cone-shaped capsid structure but in so doing aberrantly anchors
parts of this structure to the membrane via the membrane-
linked MA domain, which is consistent with the acentric,
membrane-proximal cores that are seen in these virions.
Because of the multiplicative effect on the assembly process,
we believe that the MA/CA processing site may be the most
sensitive target in the entire HIV-1 replication machinery.
Given the extreme vulnerability of the cleavage event at the
N-terminus of the CA protein, we have developed a sensitive
HIV-1 protease assay based on fluorescence polarization
technology that is suitable for a large-scale screening of
inhibitors that can block this processing event. In this assay, a
large native protein rather than a peptide was used as a
substrate. Proteolysis of the Gag and Gag-Pro-Pol polyproteins
by the HIV-1 PR can be influenced by the environment
surrounding the cleavage site>’ and mutations in the Gag
domain distal from the cleavage site can contribute to PI
resistance.*>** Thus, using a normal protein substrate
containing the Gag cleavage site is crucial to finding inhibitors
that function in the context of the folded Gag protein. It is
noteworthy that our assay would not identify compounds such
as bevirimat whose inhibition is specific to Gag proteins
assembled into an immature capsid-like structure.”® However,
using a native soluble protein substrate offers the potential
advantage of screening drugs that can function in the context of
both the unassembled Gag protein and Gag proteins assembled
into an immature capsid-like structure. The protein substrate
used in this study can be expressed in large quantities in E. colj,
and the purified protein is stable and easily purified. The assay
was sensitive to detecting inhibition, and the assay was easily
optimized in 384-well plates. The HTS validation of the assay
generated an average Z' value of 0.79 and CV values of <3% for
the positive controls and <2% for the negative controls. Further
assay validation with the LOPAC'**® compound library showed
an average Z' value of 0.81 and CV values of 0.02% for the
positive controls and 0.01% for the negative controls, indicating
that this assay is robust, reliable, and highly suitable for
screening larger compound libraries to identify novel HIV-1
maturation inhibitors specifically targeting the MA/CA cleavage
site. This assay will reveal both inhibitors of the substrate and
the protease. However, an alternative substrate, pl5-C2S
containing the SP2/p6 cleavage site, in the secondary assay
will allow us to identify inhibitors that are specific to the MA/
CA cleavage site. Similarly, the distinctive phenotype of
inhibition of cleavage at this site is easily seen in virus particles
produced in a cell culture system (Figure 1B). It is also possible
to develop another FP-based high-throughput secondary assay
using heterologous MA/CA proteins containing an HIV-1 Gag
cleavage site other than the MA/CA site to assess specificity.
Recently, Breuer et al. reported a HIV-1 protease substrate
cleavage assay using native domains of the Gag substrate
containing embedded processing sites.’® In this assay,
substrates are expressed as a GST and fluorescent reporter
fusion protein. The substrates are coupled to a bead through
GST—anti-GST antibody interactions, and the cleavage
reaction is detected by the loss of fluorescence by flow
cytometry. This assay also uses native folded substrates and is
sensitive to detecting cleavage reactions. Our assay, based on
FP technology, has several useful features in an HTS platform.
First, the assay detects only the labeled molecules and
distinguishes the cleaved substrates from the uncleaved
substrates, allowing the assay to be conducted without the
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need of a washing step. Second, FP reactions are performed in
solution without solid supports. Finally, FP measures data from
kinetic and end point analysis in real time. An FP format assay
can be used for other cleavage sites in Gag, although some of
the constructs are limited by the fact that the NC protein with
its zinc fingers binds the FIAsH tag in the absence or presence
of a tetracysteine motif (data not shown).

The search for inhibitors of HIV-1 has demonstrated the
utility of large-scale screens to identify inhibitors with novel
mechanisms of action, such as non-nucleoside reverse tran-
scriptase inhibitors (NNRTIs)* and the maturation inhibitor
bevirimat.**** Similarly, inhibitors with novel mechanisms of
action have been discovered using more targeted screens, such
as a screen for inhibitors of the strand-transfer reaction of
integrase*” or inhibitors of viral entry by peptides derived from
the Env protein.*""*> What is common in all of these efforts is
that there was no a priori conceptualization of what the nature
of the inhibitor would be or the mechanism by which it would
work in interacting with the target viral protein. These efforts
all resulted in new inhibitors of HIV-1 but also created a
conceptual framework for types of inhibitors that could be
pursued in a more targeted way for other agents. Thus, our
deep understanding of the details of HIV-1 replication can
provide new opportunities to develop inhibitors of HIV-1 and
also reveal new generalizable strategies for potential targets of
other agents. With both of these ideas in mind, we are pursuing
the discovery of inhibitors with a novel mechanism of action
against HIV-1. In summary, we demonstrated an FP-based
HIV-1 protease assay targeting the MA/CA cleavage site, an
extremely sensitive target for the inhibition of viral replication,
using a folded globular substrate. We have shown that this assay
is robust and highly amenable to an HTS platform. We have
also shown that secondary assays are readily available to
confirm the mechanism of action of novel inhibitors of the
MA/CA cleavage site. Collectively, these tools will permit large-
scale screening to search for new inhibitors with novel
mechanisms targeted to this exquisitely sensitive step in the
virus life cycle.
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transcriptase inhibitor.

B REFERENCES

(1) Sundquist, W. L, and Krausslich, H. G. (2012) HIV-1 Assembly,
Budding, and Maturation. Cold Spring Harbor Perspect. Med. 2,
2006924.

(2) Kelly, B. N., Howard, B. R,, Wang, H., Robinson, H., Sundquist,
W. L, and Hill, C. P. (2006) Implications for viral capsid assembly
from crystal structures of HIV-1 Gag(1—278) and CA(N)(133—278).
Biochemistry 45, 11257—11266.

(3) Mortuza, G. B., Haire, L. F., Stevens, A., Smerdon, S. J., Stoye, J.
P., and Taylor, L. A. (2004) High-resolution structure of a retroviral
capsid hexameric amino-terminal domain. Nature 431, 481—48S.

(4) Tang, C., Ndassa, Y., and Summers, M. F. (2002) Structure of the
N-terminal 283-residue fragment of the immature HIV-1 Gag
polyprotein. Nat. Struct. Biol. 9, 537—543.

(5) von Schwedler, U. K., Stemmler, T. L., Klishko, V. Y., Li, S.,
Albertine, K. H., Davis, D. R,, and Sundquist, W. L. (1998) Proteolytic
refolding of the HIV-1 capsid protein amino-terminus facilitates viral
core assembly. EMBO J. 17, 1555—1568.

(6) von Schwedler, U. K., Stray, K. M., Garrus, J. E., and Sundquist,
W. 1. (2003) Functional surfaces of the human immunodeficiency virus
type 1 capsid protein. J. Virol. 77, 5439—5450.

(7) Chen, Z., Li, Y., Chen, E., Hall, D. L., Darke, P. L., Culberson, C.,
Shafer, J. A, and Kuo, L. C. (1994) Crystal structure at 1.9-A
resolution of human immunodeficiency virus (HIV) II protease
complexed with L-735,524, an orally bioavailable inhibitor of the HIV
proteases. J. Biol. Chem. 269, 26344—26348.

(8) Kaldor, S. W., Kalish, V. J., Davies, J. F., II, Shetty, B. V., Fritz, J.
E., Appelt, K, Burgess, J. A, Campanale, K. M., Chirgadze, N. Y.,
Clawson, D. K., Dressman, B. A., Hatch, S. D., Khalil, D. A., Kosa, M.
B., Lubbehusen, P. P., Muesing, M. A,, Patick, A. K,, Reich, S. H,, Sy,
K. S, and Tatlock, J. H. (1997) Viracept (nelfinavir mesylate,
AG1343): A potent, orally bioavailable inhibitor of HIV-1 protease. J.
Med. Chem. 40, 3979—3985.

(9) Kempf, D. J., Marsh, K. C.,, Denissen, J. F., McDonald, E.,
Vasavanonda, S., Flentge, C. A, Green, B. E,, Fino, L., Park, C. H,,
Kong, X. P, et al. (1995) ABT-538 is a potent inhibitor of human
immunodeficiency virus protease and has high oral bioavailability in
humans. Proc. Natl. Acad. Sci. US.A. 92, 2484—2488.

(10) King, N. M., Prabu-Jeyabalan, M., Nalivaika, E. A., Wigerinck, P.,
de Bethune, M. P., and Schiffer, C. A. (2004) Structural and
thermodynamic basis for the binding of TMC114, a next-generation
human immunodeficiency virus type 1 protease inhibitor. J. Virol. 78,
12012—12021.

(11) Krohn, A., Redshaw, S., Ritchie, J. C., Graves, B. J., and Hatada,
M. H. (1991) Novel binding mode of highly potent HIV-proteinase
inhibitors incorporating the (R)-hydroxyethylamine isostere. J. Med.
Chem. 34, 3340—3342.

(12) Lefebvre, E., and Schiffer, C. A. (2008) Resilience to resistance
of HIV-1 protease inhibitors: Profile of darunavir. AIDS Rev. 10, 131—
142.

(13) Stoll, V., Qin, W., Stewart, K. D., Jakob, C., Park, C., Walter, K.,
Simmer, R. L., Helfrich, R., Bussiere, D., Kao, J., Kempf, D., Sham, H.
L, and Norbeck, D. W. (2002) X-ray crystallographic structure of
ABT-378 (lopinavir) bound to HIV-1 protease. Bioorg. Med. Chem. 10,
2803—2806.

(14) Thaisrivongs, S., and Strohbach, J. W. (1999) Structure-based
discovery of Tipranavir disodium (PNU-140690E): A potent, orally
bioavailable, nonpeptidic HIV protease inhibitor. Biopolymers S1, 51—
S8.

dx.doi.org/10.1021/bi4005232 | Biochemistry 2013, 52, 4929—4940


mailto:risunc@med.unc.edu

Biochemistry

(15) Leigh Brown, A. J,, Frost, S. D., Mathews, W. C., Dawson, K,
Hellmann, N. S., Daar, E. S., Richman, D. D., and Little, S. J. (2003)
Transmission fitness of drug-resistant human immunodeficiency virus
and the prevalence of resistance in the antiretroviral-treated
population. J. Infect. Dis. 187, 683—686.

(16) Richman, D. D., Morton, S. C., Wrin, T., Hellmann, N., Berry,
S., Shapiro, M. F., and Bozzette, S. A. (2004) The prevalence of
antiretroviral drug resistance in the United States. AIDS 18, 1393—
1401.

(17) Grant, R. M., Lama, J. R., Anderson, P. L., McMahan, V., Liu, A.
Y., Vargas, L., Goicochea, P., Casapia, M., Guanira-Carranza, J. V.,
Ramirez-Cardich, M. E., Montoya-Herrera, O., Fernandez, T., Veloso,
V. G, Buchbinder, S. P., Chariyalertsak, S., Schechter, M., Bekker, L.
G., Mayer, K. H,, Kallas, E. G., Amico, K. R., Mulligan, K., Bushman, L.
R, Hance, R. ], Ganoza, C., Defechereux, P., Postle, B.,, Wang, F,,
McConnell, J. J.,, Zheng, J. H,, Lee, J, Rooney, ]J. F., Jaffe, H. S,
Martinez, A. I, Burns, D. N, and Glidden, D. V. (2010) Preexposure
chemoprophylaxis for HIV prevention in men who have sex with men.
N. Engl. J. Med. 363, 2587—2599.

(18) Carlson, L.-A., Briggs, J. A. G, Glass, B, Riches, J. D., Simon, M.
N, Johnson, M. C., Miiller, B., Griinewald, K., and Kriusslich, H.-G.
(2008) Three-Dimensional Analysis of Budding Sites and Released
Virus Suggests a Revised Model for HIV-1 Morphogenesis. Cell Host
Microbe 4, 592—599.

(19) Briggs, J. A, Riches, J. D., Glass, B., Bartonova, V., Zanetti, G.,
and Krausslich, H. G. (2009) Structure and assembly of immature
HIV. Proc. Natl. Acad. Sci. U.S.A. 106, 11090—11095.

(20) Bharat, T. A, Davey, N. E., Ulbrich, P., Riches, J. D., de Marco,
A, Rumlova, M, Sachse, C,, Ruml, T, and Briggs, J. A. (2012)
Structure of the immature retroviral capsid at 8 A resolution by cryo-
electron microscopy. Nature 487, 385—389.

(21) Briggs, J. A., Grunewald, K, Glass, B., Forster, F., Krausslich, H.
G., and Fuller, S. D. (2006) The mechanism of HIV-1 core assembly:
Insights from three-dimensional reconstructions of authentic virions.
Structure 14, 15-20.

(22) Kelly, B. N,, Kyere, S., Kinde, I, Tang, C., Howard, B. R,
Robinson, H., Sundquist, W. I, Summers, M. F., and Hill, C. P. (2007)
Structure of the antiviral assembly inhibitor CAP-1 complex with the
HIV-1 CA protein. J. Mol. Biol. 373, 355—366.

(23) Tang, C., Loeliger, E., Kinde, I, Kyere, S., Mayo, K., Barklis, E.,
Sun, Y., Huang, M., and Summers, M. F. (2003) Antiviral inhibition of
the HIV-1 capsid protein. J. Mol. Biol. 327, 1013—1020.

(24) Sticht, J,, Humbert, M., Findlow, S, Bodem, J., Muller, B,
Dietrich, U., Werner, J.,, and Krausslich, H. G. (2005) A peptide
inhibitor of HIV-1 assembly in vitro. Nat. Struct. Mol. Biol. 12, 671—
677.

(25) Ternois, F., Sticht, J., Duquerroy, S., Krausslich, H. G., and Rey,
F. A. (2005) The HIV-1 capsid protein C-terminal domain in complex
with a virus assembly inhibitor. Nat. Struct. Mol. Biol. 12, 678—682.

(26) Blair, W. S., Pickford, C,, Irving, S. L., Brown, D. G., Anderson,
M, Bazin, R,, Cao, J., Ciaramella, G., Isaacson, J., Jackson, L., Hunt, R,,
Kjerrstrom, A., Nieman, J. A., Patick, A. K, Perros, M., Scott, A. D.,
Whitby, K., Wy, H., and Butler, S. L. (2010) HIV capsid is a tractable
target for small molecule therapeutic intervention. PLoS Pathog. 6,
e1001220.

(27) Shi, J,, Zhou, J., Shah, V. B, Aiken, C., and Whitby, K. (2011)
Small-molecule inhibition of human immunodeficiency virus type 1
infection by virus capsid destabilization. J. Virol. 85, 542—549.

(28) Lemke, C. T., Titolo, S., von Schwedler, U., Goudreau, N,
Mercier, J. F., Wardrop, E., Faucher, A. M., Coulombe, R,, Banik, S. S.,
Fader, L., Gagnon, A, Kawai, S. H, Rancourt, ], Tremblay, M,
Yoakim, C., Simoneau, B., Archambault, J., Sundquist, W. I, and
Mason, S. W. (2012) Distinct Effects of Two HIV-1 Capsid Assembly
Inhibitor Families That Bind the Same Site within the N-Terminal
Domain of the Viral CA Protein. J. Virol. 86, 6643—665S.

(29) Lj, F., Goila-Gaur, R,, Salzwedel, K., Kilgore, N. R., Reddick, M.,
Matallana, C., Castillo, A.,, Zoumplis, D., Martin, D. E., Orenstein, ]J.
M, Allaway, G. P, Freed, E. O., and Wild, C. T. (2003) PA-457: A
potent HIV inhibitor that disrupts core condensation by targeting a

4939

late step in Gag processing. Proc. Natl. Acad. Sci. U.S.A. 100, 13555—
13560.

(30) Zhoy, J., Yuan, X,, Dismuke, D., Forshey, B. M., Lundquist, C.,
Lee, K. H.,, Aiken, C, and Chen, C. H. (2004) Small-molecule
inhibition of human immunodeficiency virus type 1 replication by
specific targeting of the final step of virion maturation. J. Virol. 78,
922-929.

(31) Margot, N. A, Gibbs, C. S, and Miller, M. D. (2010)
Phenotypic susceptibility to bevirimat in isolates from HIV-1-infected
patients without prior exposure to bevirimat. Antimicrob. Agents
Chemother. 54, 2345—2353.

(32) Seclen, E., Gonzalez Mdel, M., Corral, A, de Mendoza, C,,
Soriano, V., and Poveda, E. (2010) High prevalence of natural
polymorphisms in Gag (CA-SP1) associated with reduced response to
Bevirimat, an HIV-1 maturation inhibitor. AIDS 24, 467—469.

(33) Verheyen, J., Verhofstede, C., Knops, E., Vandekerckhove, L.,
Fun, A, Brunen, D., Dauwe, K, Wensing, A. M., Pfister, H., Kaiser, R,,
and Nijhuis, M. (2010) High prevalence of bevirimat resistance
mutations in protease inhibitor-resistant HIV isolates. AIDS 24, 669—
673.

(34) Keller, P. W., Adamson, C. S., Heymann, J. B., Freed, E. O., and
Steven, A. C. (2011) HIV-1 maturation inhibitor bevirimat stabilizes
the immature Gag lattice. J. Virol. 85, 1420—1428.

(35) Zhou, J., Huang, L., Hachey, D. L., Chen, C. H,, and Aiken, C.
(2005) Inhibition of HIV-1 maturation via drug association with the
viral Gag protein in immature HIV-1 particles. J. Biol. Chem. 280,
42149—421SS.

(36) Nguyen, A. T., Feasley, C. L., Jackson, K. W, Nitz, T. ],
Salzwedel, K, Air, G. M., and Sakalian, M. (2011) The prototype HIV-
1 maturation inhibitor, bevirimat, binds to the CA-SP1 cleavage site in
immature Gag particles. Retrovirology 8, 101.

(37) Lee, S. K, Harris, J,, and Swanstrom, R. (2009) A Strongly
Transdominant Mutation in the Human Immunodeficiency Virus
Type 1 gag Gene Defines an Achilles Heel in the Virus Life Cycle. J.
Virol. 83, 8536—8543.

(38) Muller, B, Anders, M., Akiyama, H., Welsch, S., Glass, B,
Nikovics, K, Clavel, F., Tervo, H. M., Keppler, O. T., and Krausslich,
H. G. (2009) HIV-1 Gag Processing Intermediates Trans-dominantly
Interfere with HIV-1 Infectivity. J. Biol. Chem. 284, 29692—29703.

(39) Rullj, S. J., Jr, Muriaux, D., Nagashima, K., Mirro, J., Oshima,
M., Baumann, J. G, and Rein, A. (2006) Mutant murine leukemia virus
Gag proteins lacking proline at the N-terminus of the capsid domain
block infectivity in virions containing wild-type Gag. Virology 347,
364—-371.

(40) Hazuda, D. J,, Hastings, J. C., Wolfe, A. L., and Emini, E. A.
(1994) A novel assay for the DNA strand-transfer reaction of HIV-1
integrase. Nucleic Acids Res. 22, 1121-1122.

(41) Wild, C., Greenwell, T., and Matthews, T. (1993) A synthetic
peptide from HIV-1 gp41 is a potent inhibitor of virus-mediated cell-
cell fusion. AIDS Res. Hum. Retroviruses 9, 1051—1053.

(42) Wild, C. T., Shugars, D. C., Greenwell, T. K, McDanal, C. B,
and Matthews, T. J. (1994) Peptides corresponding to a predictive a-
helical domain of human immunodeficiency virus type 1 gp4l are
potent inhibitors of virus infection. Proc. Natl. Acad. Sci. US.A. 91,
9770—-9774.

(43) Pauwels, R, Andries, K, Desmyter, J., Schols, D., Kukla, M. J,,
Breslin, H. J.,, Raeymaeckers, A., Van Gelder, J,, Woestenborghs, R,,
Heykants, J., et al. (1990) Potent and selective inhibition of HIV-1
replication in vitro by a novel series of TIBO derivatives. Nature 343,
470—474.

(44) Fujioka, T., Kashiwada, Y., Kilkuskie, R. E., Cosentino, L. M.,
Ballas, L. M., Jiang, J. B., Janzen, W. P,, Chen, 1. S,, and Lee, K. H.
(1994) Anti-AIDS agents, 11. Betulinic acid and platanic acid as anti-
HIV principles from Syzigium claviflorum, and the anti-HIV activity of
structurally related triterpenoids. J. Nat. Prod. 57, 243—247.

(45) Kashiwada, Y., Hashimoto, F., Cosentino, L. M., Chen, C. H,,
Garrett, P. E., and Lee, K. H. (1996) Betulinic acid and
dihydrobetulinic acid derivatives as potent anti-HIV agents. J. Med.
Chem. 39, 1016—1017.

dx.doi.org/10.1021/bi4005232 | Biochemistry 2013, 52, 4929—4940



Biochemistry

(46) Maeda, H. (1979) Assay of proteolytic enzymes by the
fluorescence polarization technique. Anal. Biochem. 92, 222—227.

(47) Blommel, P. G., and Fox, B. G. (2005) Fluorescence anisotropy
assay for proteolysis of specifically labeled fusion proteins. Anal.
Biochem. 336, 75—86.

(48) Levine, L. M., Michener, M. L., Toth, M. V., and Holwerda, B.
C. (1997) Measurement of specific protease activity utilizing
fluorescence polarization. Anal. Biochem. 247, 83—88.

(49) Adachi, A, Gendelman, H. E., Koenig, S., Folks, T., Willey, R,
Rabson, A, and Martin, M. A. (1986) Production of acquired
immunodeficiency syndrome-associated retrovirus in human and
nonhuman cells transfected with an infectious molecular clone. J.
Virol. 59, 284—291.

(50) DuBridge, R. B, Tang, P., Hsia, H. C., Leong, P. M., Miller, J.
H.,, and Calos, M. P. (1987) Analysis of mutation in human cells by
using an Epstein-Barr virus shuttle system. Mol. Cell. Biol. 7, 379—387.

(51) Wei, X,, Decker, J. M,, Liu, H., Zhang, Z., Arani, R. B,, Kilby, J.
M, Saag, M. S, Wu, X, Shaw, G. M,, and Kappes, J. C. (2002)
Emergence of resistant human immunodeficiency virus type 1 in
patients receiving fusion inhibitor (T-20) monotherapy. Antimicrob.
Agents Chemother. 46, 1896—1905.

(52) Lee, S. K., and Hacker, D. L. (2001) In vitro analysis of an RNA
binding site within the N-terminal 30 amino acids of the southern
cowpea mosaic virus coat protein. Virology 286, 317—327.

(53) Studier, F. W,, and Moffatt, B. A. (1986) Use of bacteriophage
T7 RNA polymerase to direct selective high-level expression of cloned
genes. J. Mol. Biol. 189, 113—130.

(54) Tomasselli, A. G., Olsen, M. K., Hui, J. O., Staples, D. J., Sawyer,
T. K, Heinrikson, R. L., and Tomich, C. S. (1990) Substrate analogue
inhibition and active site titration of purified recombinant HIV-1
protease. Biochemistry 29, 264—269.

(55) Laemmli, U. K. (1970) Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature 227, 680—685.

(56) King, N. M., Melnick, L., Prabu-Jeyabalan, M., Nalivaika, E. A,
Yang, S. S., Gao, Y., Nie, X,, Zepp, C., Heefner, D. L., and Schiffer, C.
A. (2002) Lack of synergy for inhibitors targeting a multi-drug-
resistant HIV-1 protease. Protein Sci. 11, 418—429.

(57) Lee, S. K, Potempa, M., Kolli, M., Ozen, A., Schiffer, C. A., and
Swanstrom, R. (2012) Context surrounding processing sites is crucial
in determining cleavage rate of a subset of processing sites in HIV-1
Gag and Gag-Pro-Pol polyprotein precursors by viral protease. J. Biol.
Chem. 287, 13279—13290.

(58) Weber, G. (1952) Polarization of the fluorescence of
macromolecules. I. Theory and experimental method. Biochem. J. 51,
145—1SS.

(59) Bland, J. M., and Altman, D. G. (1986) Statistical methods for
assessing agreement between two methods of clinical measurement.
Lancet 1, 307—310.

(60) Campbell, E. M., Perez, O., Anderson, J. L., and Hope, T. J.
(2008) Visualization of a proteasome-independent intermediate during
restriction of HIV-1 by rhesus TRIMSa. J. Cell Biol. 180, 549—561.

(61) Griffin, B. A,, Adams, S. R, and Tsien, R. Y. (1998) Specific
covalent labeling of recombinant protein molecules inside live cells.
Science 281, 269—272.

(62) Pettit, S. C, Moody, M. D., Wehbie, R. S, Kaplan, A. H,,
Nantermet, P. V., Klein, C. A., and Swanstrom, R. (1994) The p2
domain of human immunodeficiency virus type 1 Gag regulates
sequential proteolytic processing and is required to produce fully
infectious virions. J. Virol. 68, 8017—8027.

(63) Parry, C. M, Kolli, M., Myers, R. E., Cane, P. A, Schiffer, C.,
and Pillay, D. (2011) Three residues in HIV-1 matrix contribute to
protease inhibitor susceptibility and replication capacity. Antimicrob.
Agents Chemother. S5, 1106—1113.

(64) Stray, K. M., Callebaut, C., Glass, B., Tsai, L., Xu, L., Muller, B.,
Krausslich, H. G, and Cihlar, T. (2013) Mutations in multiple
domains of Gag drive the emergence of in vitro resistance to the
phosphonate-containing HIV-1 protease inhibitor GS-8374. J. Virol.
87, 454—463.

4940

(65) Sakalian, M., McMurtrey, C. P., Deeg, F. J., Maloy, C. W,, Li, F,,
Wild, C. T, and Salzwedel, K. (2006) 3-O-(3’,3’-Dimethysuccinyl)
betulinic acid inhibits maturation of the human immunodeficiency
virus type 1 Gag precursor assembled in vitro. J. Virol. 80, 5716—5722.

(66) Breuer, S., Sepulveda, H., Chen, Y., Trotter, J., and Torbett, B. E.
(2011) A cleavage enzyme-cytometric bead array provides biochemical
profiling of resistance mutations in HIV-1 Gag and protease.
Biochemistry 50, 4371—4381.

dx.doi.org/10.1021/bi4005232 | Biochemistry 2013, 52, 4929—4940



